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Foreword

Energy is generally thought of as an important economic commodity. However, 
energy is much more than just an economic commodity. It is a fundamental life-
support system just like air, water, and food. The connection between human wel-
fare and energy makes it a strategic geopolitical resource. Because energy is so 
fundamental to human development, it has economic value. But just as importantly, 
it has social and ecological value. Ecological systems and social systems are both 
energy-dependent systems. Energy decision-making cannot be isolated from its 
social and ecological context. Sustainable energy development means viewing 
energy as a critical and integral part of social and ecological systems.

Sustainable energy mix means understanding energy sources in their social-
ecological and geographic contexts. The term “social” is used here to include cul-
tural norms, traditions, values, religious beliefs, indigenous worldviews, economic, 
institutional, political frameworks, demographics, and technology use. The term 
“ecological” is used to include biological, geological, and climatic conditions, as 
well as terrestrial ecosystem dynamics, aquatic or marine ecosystem dynamics, 
landscape ecology, and plant and animal species and populations. Fragile environ-
ments include geographically isolated areas such as islands and remote areas with 
extreme climatic conditions. This term also incorporates protected areas designated 
for important cultural and heritage value and biodiversity. This includes national 
parks and designated World Heritage sites. The Galapagos Islands represent a 
microcosm of fragile environments all over the world that are experiencing increas-
ing energy demands from marine and land-based tourism, local community popula-
tion growth, resource development projects, and increasing demand for goods and 
services. The challenge facing fragile environments is the risk of “trading off” eco-
logical and cultural heritage protection for increasing flows of economic goods and 
services. Sustainable energy mix development in fragile environments offers an 
alternative approach to this trade off dilemma. Effective sustainable energy mix 
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planning in the Galapagos and other fragile environments requires moving away 
from conventional single-minded technical and economic thinking. The focus of 
sustainable energy mix planning is finding social, ecological, technological, and 
economic interrelationships that work in specific landscape and marine contexts.

The methodological challenge is how to “frame” complex human-ecological 
interconnections operating across multiple spatial and temporal scales. A sustain-
able approach to energy development focuses on functional and structural social-
ecological-economic interconnections in specific contexts and at specific scales. 
This approach is necessary to identify and support an energy mix strategy capable 
of linking long-term ecosystem behavior with human activity systems. As such, it 
offers an alternative to more conventional institutional thinking in which social, 
ecological, and economic interests are prioritized and traded off against each 
other.

In a “real-world” context of sustainability practice, practitioners and theorists 
need to understand the importance of social-ecological systems as well as the meth-
odological and institutional options for their management. Stakeholder engagement 
is a primary mechanism through which contextual answers to sustainable energy 
mix design can emerge. This is an integrative, interdisciplinary, and transdisci-
plinary process involving practitioners, researchers, and stakeholders in the creation 
of new knowledge and customized knowledge. This process of co-discovery is an 
important social learning process characteristic of a sustainable energy mix in frag-
ile environments approach.

Too often, assumptions are made about problems and solutions with insuffi-
cient information or knowledge about the context in which such problems exist. 
The 2014 World Summit focused on framing sustainable energy mix in a way that 
would enable researchers and practitioners to have a common conversation about 
the contextual issues, the driving forces, and what we know as well as what we 
don’t know. The collection of papers in this volume address the “diagnose-
design-do-develop” research framework used to organize the 2014 World Summit 
as illustrated below. Collectively, this volume represents a collaborative overview 
of the multiple dimensions of sustainable energy mix in fragile environments. 
This collection provides a curated body of research and practice experiences and 
future directions for understanding the challenges and best practices involved in 
planning, designing, and managing sustainable energy mix solutions for fragile 
environments.

Foreword
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I have had the privilege of working with colleagues at both the University of 
Calgary and the Universidad San Francisco de Quito for several years in the deliv-
ery of a Master of Science in Sustainable Energy Development in both Calgary and 
Ecuador. This has enabled me to see firsthand the parallels between development 
pressures on fragile environments in Canada’s northern coastal marine zone and the 
Galapagos. I believe the work represented in this book is important. The loss of the 
cultural and biological diversity represented by fragile environments both north and 
south is a loss to humanity and our common future. There is no substitution, and 
once these places and cultures are gone, they are gone forever. We owe it to future 
generations to show that we can work across disciplinary and geopolitical lines to 
find sustainable social-ecological energy solutions.

University of Calgary, Calgary, AB, Canada� Mary-Ellen Tyler

Foreword
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Series Foreword

In this latest contribution to Springer’s Galapagos Book Series, “Social and 
Ecological Interactions in the Galapagos Islands,” Stephen J. Walsh and Carlos 
F.  Mena, Editors, Mary-Ellen Tyler, Guest Editor and Professor, Faculty of 
Environmental Design, University of Calgary, Canada, has developed, with her col-
leagues, an interesting and timely book that examines several topics associated with 
sustainable energy mix in fragile environments. Reported through a diverse set of 
chapters written by a highly qualified group of authors, they invoke multiple frame-
works and perspectives to examine the challenges related to energy supply, energy 
consumption, and energy policies that are highly germane to islands and other frag-
ile settings. The chapters also describe the impacts of energy mix on economic 
development, environment, and communities, with implications for resident and 
migrant populations who come to islands and other similarly fragile places, increas-
ingly, as tourists and/or as workers to support the burgeoning tourism industry.

The vision for the book emanated from a workshop held at the Galapagos Science 
Center on San Cristobal Island, Galapagos Archipelago of Ecuador, a facility dedi-
cated to island research, education, and community outreach and achieved through 
a collaborative partnership between the University of North Carolina at Chapel Hill, 
USA, and the Universidad San Francisco de Quito, Ecuador. With a focus on island 
ecosystems and threats to their sustainability, the Galapagos Science Center hosted 
the workshop participants and encouraged the ideas they expressed on energy mix, 
ecological and social fragility, and island sustainability. With tours of the local com-
munities, assessment of local energy services, characterization of transport and off-
loading facilities, understanding household demands for consumer products, and 
the use of power generation technologies, the workshop participants observed how 
and why the Galapagos Islands are considered a “natural laboratory,” but not only 
relative to understanding the environment, but, so too, for understanding the social 
factors that drive the expanding human dimension and the challenges to sustain-
ability of fragile and protected environments. With the Galapagos National Park 
responsible for the management and protection of 97% of the land area of the archi-
pelago as well as the second largest marine reserve in the world, the world renowned 
status of the Galapagos Islands heightens the importance of energy mix in the 
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islands and the potential for land and marine degradation through direct and indirect 
consequences of the expanding human dimension related to energy and the genera-
tion and consumption of electrical power in fragile settings.

In the Galapagos Islands, long identified by the iconic species that live there, 
most notably, giant tortoises, marine iguanas, and the Darwin finches, most of the 
power consumed in the islands is provided through the use of generators that run on 
diesel fuel imported from the Ecuadorian mainland, nearly 1000  km away. 
Transported to the archipelago on cargo and fuel ships and linked to the expanding 
consumptive demands of residents and tourists, an ever-increasing risk to the envi-
ronment is generated as a consequence of the number and size of supply ships that 
are needed to support the needs of hotels, restaurants, residences, and commercial 
enterprises with electricity as well as fuel for imported trucks, taxis, boats, and cars 
that are part of the increasing human dimension throughout the four populated 
islands. On San Cristobal Island, for instance, three large wind turbines contribute to 
the power grid that supports the communities of El Progresso, located in the high-
lands, and the coastal community of Puerto Baquerizo Moreno as well as the island’s 
airport that accommodates flights from the continent as well as flights between the 
islands. Cargo and cruise ships, pleasure crafts, and smaller, commercial boats ferry 
people and goods between islands using fuel imported from the mainland, but this 
occurs not without their problems. Over several years, ships have grounded and 
spills have occurred that highlight the concerns for energy transport and distribution, 
best exemplified through the 2001 sinking of the Jessica and the ecological problems 
that it generated throughout the Galapagos Marine Reserve. In addition to the use of 
petroleum-based products in the Galapagos, photovoltaic solar panels are used to 
locally generate a small amount of power at selected government and nongovern-
ment facilities, including the Galapagos Science Center; however, diesel generation 
of power remains the primary way of supporting the electrical grid on San Cristobal 
Island and throughout the populated islands of the Galapagos archipelago.

In short, this book addresses vital concerns germane to social and ecological 
well-being of humans as well as plants and animals, both terrestrial and marine, 
throughout the Galapagos Islands and in other geographic settings where fragile and 
sensitive ecosystems occur. This book provides an important and supplementary 
dimension to the Galapagos Book Series that highlights social-ecological pressures 
on the islands as well as other fragile places, and offers insights into the sustain-
ability of energy mix in areas of increased visitation by migrant populations, includ-
ing national and international tourists and residents linked to both economic 
development and resource conservation, in the case of the Galapagos, that occur in 
and around protected areas.

University of North Carolina at Chapel Hill, Chapel Hill, NC, USA� Stephen J. Walsh
Universidad San Francisco de Quito, Quito, Ecuador� Carlos F. Mena

Series Foreword
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Preface

Energy is a critical life-support system in both social systems and ecological sys-
tems. In remote and fragile environments such as islands and remote locations with 
extreme climate conditions, access to sustainable energy is essential for the welfare 
of local communities. Many fragile environments are experiencing increasing 
resource development and tourism pressures. Appropriate energy sources and tech-
nologies are critical for maintaining environmental quality and quality of life in the 
face of increasing energy demand. However, sustainable development issues arise in 
geographic locations lacking or with limited access to conventional energy sources. 
There is a critical link between affordable clean energy and sustainable develop-
ment. In remote and fragile environments, situational access to conventional and 
unconventional energy sources offers an opportunity to create a sustainable mix of 
energy sources and technologies customized to fit local social, cultural, environ-
mental, and economic circumstances.

As a designated United Nations Organization for Education, Science and Culture 
(UNESCO) World Heritage Site, Marine Reserve and National Park, the Galapagos 
Islands of Ecuador are one example of such a fragile environment found in a remote 
offshore location with local communities and marine and terrestrial ecosystems of 
historical and international significance. The need to manage growing land- and 
water-based international eco-tourism pressures while striving to improve the qual-
ity of life for local communities and conserve the ancient and biologically signifi-
cant flora and fauna of the islands makes the Galapagos a microcosm of the 
sustainable energy mix challenges facing remote and fragile cultural and biophysi-
cal environments worldwide.

The University of Calgary, Alberta, Canada, and the Universidad San Francisco 
de Quito, Ecuador, have worked together with the Canadian International 
Development Agency (CIDA) and the Organizacion Latinoamericana de Energia 
(OLADE) to successfully deliver a Master of Science in Sustainable Energy 
Development degree program over a number of years. Given this partnership expe-
rience and the growing awareness of the importance of energy mix in achieving 
sustainable socioeconomic development, representatives of the Sustainable Energy 
Development program from both Calgary and Quito undertook the planning for a 
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World Summit on the island of San Cristobal in the Galapagos to address the impor-
tance of sustainable energy mix in fragile environments. The Inter-American 
Development Bank (IDB) Energy Innovation Center and Mount Royal University’s 
Institute for Environmental Sustainability assisted in organizing this international 
gathering of experts and providing financial sponsorship. Summit co-chairs, Dr. 
Diego Quiroga of the Universidad San Francisco de Quito and the late Dr. Julie 
Rowney of the University of Calgary, worked with the Summit Program Planning 
Committee (Dr. Anil Mehrotra, Dr. Mary-Ellen Tyler, Allan Ingelson, and Dr. Irene 
Herremans of the University of Calgary, Dr. Michael Quinn of Mount Royal 
University, and Annette Hester of IDB) for over 2 years to make the Summit 
happen.

Over 50 policymakers, business leaders, energy and economic development 
practitioners, and researchers in social, environmental, and technological dimen-
sions of energy and sustainability were invited to participate in a working Summit 
to examine the driving forces and critical factors affecting energy mix and socioeco-
nomic development in the context of environmental sustainability. Summit objec-
tives were to:

•	 Convene a group of international experts and practitioners with interdisciplinary 
backgrounds and experience related to energy mix issues in fragile social-
ecological environments.

•	 Identify relevant theories and best practice contributions to the Summit’s core 
themes.

•	 Identify research priorities for designing and customizing energy mix in different 
biogeoclimatic and cultural contexts.

•	 Use the Galapagos Islands venue as a “case study” of energy mix issues and pos-
sible solutions.

•	 Create a network of international practitioners and researchers to carry forward 
Summit results for testing in a wide variety of locations and sectors.

The Summit was held in San Cristobal in the Galapagos from July 20 to 24, 
2014. Small group workshops were organized around five key case study presenta-
tions which explored issues, knowledge and practice gaps, and possible cross-sector 
approaches to dealing with sustainable energy mix in fragile environments. Five 
themes emerged from the Summit workshops and provide direction for further 
research and practice exploration:

•	 Need for new institutional frameworks
•	 Fossil fuel subsidy dependency
•	 Importance of social capacity
•	 Potential capacity of renewables
•	 Receptivity to technology transfer

This volume presents 11 invited papers that address different aspects of the 
Summit’s 5 themes and sustainable energy mix design in the Galapagos and com-
parative contexts. The first paper provides a historical overview of the Galapagos 
Islands with a focus on the evolving biocomplexity of the islands’ social and 
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ecological systems. Some significant events are identified that have affected system 
feedbacks and interactions over time in the Galapagos as the islands have moved 
from a relative state of isolation to daily flights of international tourists. Expanding 
fishing industry pressures and growing social, economic, and technological inter-
connections with the mainland present a complex context for developing a sustain-
able energy mix. The second paper explores the driving forces affecting the need for 
sustainable energy mix solutions, and the third paper provides two project examples 
illustrating the importance in practice of social engagement and education. The 
fourth paper examines the potential for biofuels and the use of biofuels in the 
Galapagos, while the fifth paper looks at the legal and institutional issues related to 
renewable energy mix development. The sixth paper illustrates the importance of 
life cycle analysis in energy mix planning, and the seventh paper reviews renewable 
energy development experiences and lessons learned in Ecuador’s Amazon region. 
Papers eight and nine document two different approaches to waste management in 
fragile environments. The tenth paper examines fragile cultural and marine environ-
ments in a northern latitude context with parallels to the Galapagos. The eleventh 
and final paper lays out an approach to energy mix planning for fragile environ-
ments that can be adapted to different locations and institutional contexts. 
Collectively, these chapters provide a comprehensive framework for understanding 
the multidisciplinary dimensions of sustainable energy mix. Much of the content of 
the papers included in this volume is based on professional practice and grounds the 
discussion in the operational reality of what has and has not worked.

As guest editor, I first want to acknowledge the importance of the support and 
assistance received from the series editors, Stephen Walsh and Carlos Mena, in 
ensuring the completion of this work. I also want to acknowledge the tremendous 
cooperation and commitment from the authors of the papers represented in this col-
lection. Irene Herremans deserves special thanks for her assistance in helping me at 
critical times. I want to recognize the importance of the participants in the 2014 
World Summit in the Galapagos. The contents of this volume represent their experi-
ence, wisdom, expertise, and professional and personal commitment to a sustain-
able energy and their contributions to Summit workshop discussions.

Finally, it may initially seem odd that a book focusing on energy would be 
included in a series focusing on social and ecological interaction in the Galapagos 
Islands. It is my hope, as guest editor, that the contents of this volume will convince 
readers of the impact that energy mix decisions have on the well-being of future 
social and ecological interactions in the Galapagos and in fragile environments all 
over the world.

University of Calgary, Calgary, AB, Canada� Mary-Ellen Tyler 
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Galapagos Book Series, “Social and Ecological Sustainability in 
the Galapagos Islands”

When we developed the Galapagos Book Series and selected the initial book 
topics to launch the series, we hoped that guest editors and authors would cooperate 
to represent important and fascinating elements of the Galapagos Islands early in 
the series. Science and Conservation in the Galapagos Islands: Frameworks & 
Perspectives, Stephen J.  Walsh & Carlos F.  Mena, editors (2013), advocates an 
interdisciplinary perspective for addressing many of the most compelling chal-
lenges facing the Galapagos Islands that extend across the social, terrestrial, and 
marine subsystems. Evolution from the Galapagos: Two Centuries after Darwin, 
Gabriel Trueba & Carlos Montufar, editors (2013), advances our understanding of 
evolution, a key element of life and adaptation in the Galapagos Islands. The 
Galapagos Marine Reserve: A Dynamic Social–Ecological System, Judith 
Denkinger & Luis Vinueza, editors (2014), addresses the nature of the coupled 
human–natural system in the Galapagos Islands and describes some of the key fac-
tors that affect social and ecological vulnerability, dynamics, and island sustainabil-
ity. Darwin, Darwinism and Conservation in the Galapagos Islands, Diego Quiroga 
& Ana Sevilla, editors (2016), examines the meaning and essence of Darwin and 
Darwinism in the Galapagos and beyond. His ideas shook the world of science and 
continue to give meaning and explanations of life and the adaptive capacity of spe-
cies in the Galapagos and around the globe. Disease Ecology of Galapagos Birds, 
Patricia Parker, editor (2017/2018), addresses the central elements of birds in the 
Galapagos Islands associated with colonization, pathogens, hosts and parasites, and 
evolution. And now, Sustainable Energy Mix in Fragile Environments: Frameworks 
and Perspectives, Mary-Ellen Tyler, editor (2018), examines sustainable energy mix 
economic development, communities, and fragile and sensitive environment. 
Understanding Invasive Species in the Galapagos Islands: From the Molecular to 
the Landscape, Maria de Lourdes Torres & Carlos Mena, editors (2018), examines 
the introduction of alien species into the Galapagos Islands and the multiscale 
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assessment of them through, for instance, DNA approaches as well as satellite 
remote sensing to understand their establishment, ecology, spread, and eradiation.

It was not until Charles Darwin’s famous visit in 1835—which helped inspire the 
theory of evolution by natural selection—that the Galapagos Archipelago began to 
receive international recognition. In 1959, the Galapagos National Park was formed, 
and in 1973, the archipelago was incorporated as the 22nd province of Ecuador. 
UNESCO designated the Galapagos as a World Heritage Site in 1978, a designation 
to honor the “magnificent and unique” natural features of the Galapagos and to 
ensure their conservation for future generations. These islands were further deemed 
a Biosphere Reserve in 1987, and the Galapagos Marine Reserve was created in 
2001. The Marine Reserve was formed as a consequence of the 1998 passage of the 
Special Law for Galapagos by the Ecuadorian government that was designed to 
“protect and conserve the marine and terrestrial resources of the Islands.” 
Development of the tourism industry has more than tripled the local population in 
the past 15 years, thereby exerting considerable pressure on the Galapagos National 
Park and the Marine Reserve. The residential population has grown from approxi-
mately 10,000 in 1990 to nearly 30,000 residents today, and national and interna-
tional tourism has increased from approximately 40,000 visitors in 1990 to now in 
excess of 225,000. The impacts of the human dimension in the islands have been 
both direct and indirect, with consequences for the social, terrestrial, and marine 
subsystems in the Galapagos Islands and their linked effects. Further, the historical 
exploitation of lobster and sea cucumber, globalization of marine products to a 
national and international market, and the challenges imposed by industrial fishing 
outside of the Reserve and illegal fishing and shark fining outside and inside the 
Reserve combine to impact the social and ecological vulnerability of the Galapagos 
Marine Reserve in fundamental ways. In addition, exogenous shocks, such as ENSO 
events as a disturbance regime on Galapagos corals and marine populations, national 
and international policies and institutions on regulation and management, and the 
“pushes” and “pulls” of economic development and population migration, includ-
ing tourism, shape and reshape the Galapagos Islands—its resources, environments, 
people, and trajectories of change.

Globalization is a process that affects island ecosystems and poses social-ecological 
threats to their sustainability. This book explores important energy-related topics with 
implications for the Galapagos and other fragile and sensitive island ecosystems around 
the globe. It is a wonderful addition to the series and another topic that resonates within 
and outside of the Galapagos Archipelago of Ecuador.

University of North Carolina at Chapel Hill, Chapel Hill, NC, USA� Stephen J. Walsh 
Universidad San Francisco de Quito, Quito, Ecuador� Carlos F. Mena 
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Chapter 1
Galapagos: A Microcosm of Sustainable 
Energy Mix in Fragile Environments

Diego Quiroga

�Introduction

The Galapagos Islands are near the equator in the Pacific Ocean approximately  
1000  km from the closest land area, the mainland of Ecuador. This archipelago 
houses a high number of endemic species unique in the world. With 95% of the 
endemic animals and plants still present, the Galapagos is considered one of the best 
conserved archipelagoes of the world. Diverse ocean currents, some of which, like 
the Cromwell Subequatorial Current and Humboldt or Peruvian Current, are cold 
and nutrient rich and are associated with upwelling cells. Others like the Panama 
Current, carry warm waters. These currents produce contrasting conditions of tem-
perature and precipitation and generate a unique set of conditions that allow for the 
presence of the characteristic flora and fauna in a relatively small area. Many of the 
islands have tall volcanoes reaching more than 1000 m above sea level trapping the 
clouds and moisture; the different altitudinal levels that produce diverse ecological 
zones constitute an opportunity for divergent adaptations.

Isolation is a key aspect for the Galapagos as a biological system, and it is a 
major factor in the evolution and diversification of its different species. In order for 
organisms to arrive naturally to the Galapagos, they must be able to withstand the 
long oceanic voyage. Some of these organisms came floating on their own or on 
natural drafts; others came carried by the wind and air currents or carried by other 
organisms, usually birds. On occasions, some of these plants and animals could not 
only endure the trip to the Galapagos but were also able to establish themselves on 
the new environment, reproduce, and evolve in unique and surprising ways. Once 
they arrived to the Galapagos, the organisms colonized different islands, and the 
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relative isolation between islands produced further processes of speciation and 
rapid island evolution. These biogeographical conditions resulted in the creation of 
new species from a few successful individuals that arrived to the islands. Many 
endemic species evolved as a result of processes of speciation and diversification 
and adaptive radiation (Valle 2013). In the case of the Galapagos, some classic 
examples of these processes of adaptive radiation include several species of plants 
including Scalesia, invertebrates such as the land snails, and many species of ani-
mals such as the Darwin finches, the mockingbirds, lizards, iguanas, geckos, and the 
famous Galapagos tortoises. As in other oceanic islands, there is a disharmonic 
biota in the Galapagos as there are some species and groups of organisms that are 
able to arrive, reproduce, and adapt to these new conditions, whereas other organ-
isms cannot do so. One of the most important consequences of this process of evolu-
tion is the low numbers of individuals of each species and their specific and limited 
distribution range. Such is the case for the Galapagos flightless cormorant, the 
Galapagos penguin, the mangrove finch, and many species of plants. These charac-
teristics make these species very vulnerable to natural or human-caused changes 
such as El Niño events or oil spills. These vulnerable and iconic animals are impor-
tant to a growing tourism industry.

Organisms and ecosystems in oceanic islands are especially vulnerable to inva-
sive species; most extinctions of birds and reptiles have occurred in island ecosys-
tems where animals and plants have not developed the capacity to defend themselves 
from exotic introductions (Simberloff 2013). In the Galapagos there are some ani-
mal populations that have very low numbers including several species of plants, the 
mangrove finch, the Floreana mockingbird, some species of tortoises, rice rats, the 
Galapagos penguins, flightless cormorants, and the pink land iguana. Cheap hydro-
carbons have played an important role in disturbing the isolation of the islands. 
When new ships and vessels started using petroleum derivatives to move people and 
cargo around the world, the Galapagos become accessible to yachts carrying tour-
ists, scientists, and cargo boats bringing goods from distant lands. When coal and 
petroleum powered ships entered the scene, people settled permanently in the 
Galapagos almost 200 years ago. Even before engines were used to move the large 
boats, sails allowed large numbers of vessels carrying pirates and whalers to over-
hunt tortoises, whales, and sea lions, dangerously lowering the populations of these 
iconic species. They also brought with them some of the early introduced plants and 
animals. Thus when Darwin arrived in the Beagle, he mentions 17 introduced spe-
cies. However, it was when ships powered by hydrocarbons and later airplanes 
started to increase the connectivity between the mainland and the Galapagos that the 
amount of introduced species grew at an exponential rate, and these introductions 
became increasingly responsible for most of the changes in the ecosystems and the 
threats to the endemic species. Availability of cheap fossil fuels has made it possible 
for humans to arrive in greater numbers and to live with more comfort in the islands, 
but also eroded the needed isolation that protects the native and endemic species 
from diseases, competition, and predation. Technological changes and increased 
energy availability have also meant an increase in the number of tourists and the 
expansion of extractive industries like fishing. Cheap hydrocarbons have generated 
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a positive feedback cycle as greater degrees of connectivity also increase the amount 
of people living in the Galapagos and their energy needs which are largely supplied 
by fossil fuels.

�Endemism and Vulnerability

A high degree of endemics can be seen in the case of reptiles, birds, insects, fishes 
and algae, other terrestrial invertebrates, and vascular plants (Peck 1996; Tye 2001; 
Valle 2013). Most of the charismatic species of the Galapagos, such as the two spe-
cies of sea lions (Zalophus wollebaeki and Arctophoca galapagoensis), the 
Galapagos penguin (Spheniscus mendiculus) and the flightless cormorant 
(Phalacrocorax harrisi), the land (Conolophus subcristatus) and marine iguana 
(Amblyrhynchus cristatus), and the 11 extant species of tortoises are endemic spe-
cies. Many of these species have undergone the important process of island adapta-
tion. Similarly land snails have undergone a spectacular process of speciation with 
71 species (Valle 2013); the Darwin’s finches have some 14 species living in the 
Galapagos, depending on the classification system used; and the giant tortoises that 
were originally 15 species have 10 still present in the Islands. Among plants, the 
genus Scalesia (Asteraceae) with 15 species and 19 taxa including subspecies and 
varieties is an incredible example of radiation, Alternanthera (Amaranthaceae) with 
14 species and 20 taxa, and Opuntia (Cactaceae) has 6 species and 14 varieties 
(Valle 2013). The distance between the islands explains in part the process of specia-
tion that these Galapagos species have experienced. The isolation of the different 
species within the archipelago is also threatened by increased connectivity between 
the islands as residents and visitors are increasingly traveling from one island to the 
other (Ouvrard and Grenier 2010).

The arrival of introduced species that are predators or disease vectors, or that 
compete for habitat or food, is a major concern in the many oceanic islands. The list 
of introduced plants in the Galapagos is expanding at a fast rate, and they have 
become the major biological threat to the Islands. At the moment, there are almost 
900 species of introduced plants more than native ones found in 46 Islands. Most of 
them (560) were introduced for agricultural purposes, and 94 were accidental intro-
ductions; only four species have been eradicated. Most introduced species have 
arrived in the last 30–50 years (Buddenhagen, 2006; Gardener et al. 2013; Guézou 
et al. 2016). It has been calculated that 332 of these plant species have been natural-
ized, and 32 of them are invasive (Jaramillo and Guezou 2012; Tye 2001, 2008). In 
2006 3 species were found to be extinct, and 20 were critically endangered. In the 
case of vertebrates, 14 species are considered extinct. The main causes of extinction 
include habitat loss and or fragmentation and arrival of introduced species including 
agents of infection, hunting, and climate change (Jiménez-Uzcátegui et al. 2008). 
There are three species of reptiles and two of birds that are critically endangered: 
the mangrove finch (Camarhynchus heliobates) and the Floreana mockingbird, 
Nesomimus trifasciatus, which are threatened by the introduction of insects like 
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ants, wasps and flies, and bird species and mammals like cats and dogs (Jiménez-
Uzcátegui et al. 2008; Valle 2013). Two species of birds found in the western islands 
of the Galapagos, the penguin (Spheniscus mendiculus) and the flightless cormorant 
(Phalacrocorax harrisi), are considered endangered by UICN (Jiménez-Uzcátegui 
et al. 2008). By 2014, the number of introduced invertebrates had reached 762 taxa 
(Causton et al. 2006). These invasive species include fire ants (Wasmannia auro-
punctata and Solenopsis geminata), wasps (Polistes v. and versicolor), cottony 
cushion scale (Icerya purchasi), and a bird ectoparasite (Philornis downsi). The 
introduction of infection agents, vectors, and hosts poses a major risk factor that 
could lead to extinction of species. Some diseases such as avian malaria, West Nile 
Virus, and diseases transmitted from dogs to sea lions such as brucellosis and rabies 
constitute important risks to the local fauna. As the number of boats carrying cargo 
and airplanes carrying people and products has increased in the last few years, the 
arrival of introduced organisms has become a major threat.

�The Galapagos as a Frontier for Extractive Economies

A desire for more connectivity with the mainland is the result of a cultural frame-
work that is shared by many of the inhabitants of the Galapagos. This cultural 
framework sees the Galapagos as a frontier and as a resource-rich area for the 
expansion of different extractive economies (Quiroga 2009). The local inhabitants 
of San Cristobal, for example, are proud to tell how they built their own airport in 
the 1980s so they could have directs flights to the continent. For them, being able to 
have more and easier possibilities for contact with the mainland is essential to main-
tain their standard of living. This means access to what many local residents con-
sider to be adequate education, health, and goods that are not found in the Islands. 
Increased connectivity of the Galapagos and the mainland has been part of the hopes 
and expectations of the local inhabitants since the time of the early colonists. The 
extraction of natural resources was one of the main drivers of this increased interac-
tion between the mainland and the islands. The extraction of resources started early, 
with tortoises being taken away by privateers and whalers because of the capacity 
of these animals to endure long periods of time without any food or water. This idea 
of the Galapagos as a source of goods to be exploited and sometimes extracted con-
tinued during the time of colonization by Ecuadorians that started in the 1830s 
(González et al. 2008). In the nineteenth century, a series of colonization attempts 
were organized by the Ecuadorian government. These early attempts resulted in the 
creation of different failed settlements on the island of Floreana. In 1870, a colony 
was established in San Cristobal by Manuel J. Cobos, who failed in his attempt to 
extract orchilla, a lichen used as a dye in the textile industry. He later created a suc-
cessful cattle farm and a sugar and coffee plantation (Latorre 2001). As in the previ-
ous case, this colony was also based to a large extent on outlaws and prisoners, some 
of whom eventually killed Cobos, who they accused of being a brutal oppressor 
(Latorre 2001). A similar pattern occurred on Isabela where cattle farms and 
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plantations were also created before the end of the nineteenth century. Few boats, 
usually owned by the owners of the plantations arrived sporadically to the Islands. 
Once these haciendas were dissolved, the people who stayed divided the land into 
small farms or fincas. Until the 1960s and 1970s, most Ecuadorians viewed the 
Galapagos as a frontier—a remote and harsh place, where the land could be tamed 
through hard labor and the creation of agriculture and cattle farms.

In the twentieth century, the extraction of marine resources from the Galapagos 
included grouper, lobsters, and sea cucumbers. Colonists living on their farms in the 
highlands descended to the coastal areas, initially only during certain times of the 
year, to participate in different fishing activities. Large boats came to the islands 
from countries like Japan to purchase fish, lobsters, turtles, and other products from 
the local inhabitants. Local people started also to fish for grouper (Mycteroperca 
olfax), which they salted and dried and sent to the mainland. Green and red spiny 
lobsters (Panulirus penicillatus and P. gracilis) which were harvested in the 1960s 
became major exports in the 1980s (Hearn 2008). In the second part of the twentieth 
century, technological changes such as diesel engines for the larger wooden fishing 
boats and a fleet of smaller fiberglass boats (known locally as fibras and pangas) 
outfitted with outboard gasoline engines between 40 and 75 HP were introduced in 
the Galapagos allowing fishing in distant islands and sea mounds. A system of div-
ing called hookah based on small gasoline-powered air compressors that allowed 
them to dive deeper to fish for lobster and sea cucumbers was also introduced. 
Power generators brought to the island allowed for refrigeration that fishers needed 
to keep their product fresh. These technological changes resulted in an increase in 
the capacity of fishers to capture and overexploit a variety of marine organisms 
including lobsters, sea cucumbers, and sharks. These improvements were driven by 
growing imports of subsidized hydrocarbons to the islands that fueled the boom of 
these fisheries and later their collapse. As Southeast Asian economies improved in 
the 1980s and 1990s, there was increased demand for sea cucumbers (Isostichopus 
fuscus), and many residents and newly arrived migrants became involved in the fish-
ing of these echinoderms. The Galapagos National Park (GNP) tried to control sea 
cucumber overfishing in the middle of the 1990s which resulted in tensions and 
conflicts (Ben-Yami 2001; Hearn 2008). Between 1995 and 2005, several strikes 
and protests organized by the fishers and the Galapagos conservation and tourism 
sectors paralyzed the GNP, creating instability and mismanagement (Hearn 2008; 
Quiroga 2009). In the last decade, the economic importance of the fisheries has 
diminished in a significant way. Whereas in 2003, fishing was a major part of the 
economy of the islands, by 2006 fishing made up less than 4% of the general income 
(Watkins and Cruz 2007). Of the previously 1200 registered fishers, there are only 
some 300 active ones in the Galapagos at the moment.

In the last 10 years, many newcomers and local residents including fishers, have 
shifted to new economic areas and have found jobs in the tourism sector. Thus fish-
ers are now employed as sailors, captains, dive masters, and some manage their own 
sport fishing and day tour operations (Engie 2014). Regulating new activities such 
as “pesca vivencial” (artisanal fishing with tourists) have now become major con-
cerns for some Park planners and managers (Schuhbauer and Koch 2013; Engie and 
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Quiroga 2013). New tourism permits have been given to fishers allowing them to 
visit different areas and to profit from the growing tourism industry. A large part of 
the local economy now is in one way or another based in tourism, which accounts 
for more than 60% of the economy (Kerr et al. 2004). The Galapagos National Park 
in an attempt to ensure a safe and comfortable experience for the tourists has forced 
fishers and local people to buy larger four-stroke engines and bigger boats. Many 
fishers and local people who are now engaged in tourism have acquired larger 
speedboats and have traded their 40 and 75 HP engines for 150 or 200 HP engines 
(Ouvrard and Grenier 2010).

�Cruise Boats and Tourism

In the middle of the twentieth century, many scientists who were concerned with the 
long-term sustainability of the Islands thought that tourism could become a way of 
preventing the destruction of natural resources and providing money for conserva-
tion. In a report from 1957, a UNESCO reconnaissance mission suggested that the 
Galapagos could become an important asset for the Ecuadorian economy by attract-
ing tourism. The 1966 Snow and Grimwood Report recommended ways in which 
tourism could be managed by large companies (Cairns 2011). The use of cruise 
boats that took wealthy westerners from island to island was to play a key role in the 
process (Grenier 2007; Cairns 2011). Currently there are more than 220,000 tourists 
visiting the Islands every year, and around half of them spend time on the cruise 
boats. During the last decades, the number and the size of the large cruise boats have 
increased, and boats have more luxurious and better accommodations. The dis-
course produced by many of these operators and agencies emphasizes the Galapagos 
as a pristine land where people are absent and untouched nature can be observed and 
studied (Grenier 2007; Quiroga 2009).

Three important transformations have occurred over the last years in the tourism 
industry on the Galapagos: one is that proportionally the number of land-based tour-
ists has increased; secondly that the rotation of the tourist has increased, meaning 
that tourists stay a shorter time in the archipelago; and thirdly that the number of 
Ecuadorian tourists has also increased significantly (Epler 2007; Pizzitutti et  al. 
2016). The threats of an uncontrolled growth in the number of visitors to the Islands 
have become a major concern. In 2007, the number of tourists exceeded 170,000 
according to figures given by the National Park. That same year UNESCO placed 
the Galapagos on the list of endangered World Heritage Sites, although the 
Galapagos was removed from the UNESCO endangered list 3 years later, the num-
ber of tourists and the threat of new introduced species keeps growing.

There is an important concentration of wealth in the tourism industry in the 
hands of outsiders. Taylor et al. (2006) have indicated that in 2005, foreigners and 
mainland residents owned most of the top level luxury boats (almost 82% of them), 
while Galapagos residents owned only 18%. On the other hand, Galapagos resi-
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dents owned most of the economy class boats (73%). With some notable exceptions, 
the companies that own and operate the most luxurious boats are based mostly in 
Quito and Guayaquil or outside the Galapagos (Taylor et  al. 2006; Epler 2007). 
Studies by the Charles Darwin Research Station show that of the US$419 million 
spent by Galapagos tourists in 2007, only US$62.9 million entered the local 
Galapagos economy (Epler 2007; Watkins and Cruz 2007).

Starting in the 1980s, tourists have been staying increasingly in the towns and 
using the services provided by the local population. This type of land-based tourism 
has become a major part of the economy in all of the islands (Epler 2007) and has 
been growing in importance—almost the same number of visitors go to hotels and 
residencies on land as the numbers that go to the large cruises (Pizzitutti et al. 2016). 
Land-based operations are now growing faster than cruise boat operations (Quiroga 
2013; Pizzitutti et al. 2016). Land-based tourists are a diverse sector that includes 
most Ecuadorian tourists, some international tourists, backpackers, and interna-
tional and national students and volunteers. To a large extent, technological improve-
ments and subsidized fossil fuels have allowed the expansion of this land-based 
tourism. Twenty-four-hour electricity was the result of the introduction of larger 
diesel electrical generators in the 1980s. Tourism has benefited from an increase in 
the availability of air conditioners, refrigerators, better digital communication, and 
other amenities that electricity makes possible, and that makes the towns more 
attractive to the tourists. Many of the hotels and residencies in the towns are owned 
by Galapagos residents. The tourists who stay in towns travel from island to island 
on speedboats and organize daily visits to places close to the ports, often on gasoline-
powered outboard engine boats owned and/or operated by fishers (Quiroga 2013; 
Pizzitutti et al. 2016). Local residents and politicians want more tourists to come to 
towns, and they claim that what they call the traditional tourism system based on the 
cruise boats has to change.

Perhaps one of the most dynamic, adaptable, and fastest-growing sectors in the 
Galapagos is these small- and medium-scale businesses involved in land-based 
tourism. This sector is not only increasing in economic power but also in its political 
presence. The land-based tourism involves an increasing number of people includ-
ing the tour operators, people working for the local hotels, small- and medium-sized 
operators of overnight boat tours, people working for the speedboat companies who 
travel between ports or do the island-hopping tours, local travel agencies, guides, 
and other local people that are increasingly involved, directly or indirectly in land-
based tourism. This is a sector that demands electricity for its basic functioning. The 
rapid growth of this sector, plus the fact that the length of stay of tourists has 
decreased, explains to a large extent the recent increase in the number of tourists 
coming to the Galapagos every year in spite of the fact that the total number of 
cruise boats and berths on liveaboard cruises has not increased significantly. These 
changes have also meant that there are now more flights and more transportation 
between islands as port-to-port and island-hopping operations have expanded.

1  Galapagos: A Microcosm of Sustainable Energy Mix in Fragile Environments



8

�Migration, Population Increase and a Higher Standard 
of Living

Growth in fisheries and tourism has meant an increase in the number of migrants 
arriving to the Galapagos. From 1974 to 1982, the annual population growth rate was 
4.9%; it increased to 5.9% from 1982 to 1990, and it was 6.7% from 1990 to 1998 
before the rate decreased from 2000 to 2010 to 3.3% (Kerr et al. 2004; Villacis and 
Carrillo 2013; Granda and Salazar 2013; Pizzitutti et al. 2016). The expansion in the 
1980s and 1990s of fishing and tourism was one of the main causes of population 
growth in the Islands as migrants arrived as a response to the demand for labor in 
fisheries, the tourism sector, or as construction workers. To curb the amount of peo-
ple migrating to the islands, a law was passed in 1998 regulating who can stay per-
manently in the Islands. Despite the passing of a law, and a decrease between 2001 
and 2010 of the birth rate from 22.7 births per 1000 inhabitants to 14.1 per 1000 
inhabitants (Villacis and Carrillo 2013), the number of people living in the Galapagos 
will reach at least 31,000 people by 2020 (Pizzitutti et al. 2016). The main reason for 
the population increase has been that jobs in the Galapagos are easier to obtain and 
are better paid (Villacis and Carrillo 2013). Although the cost of living in the 
Galapagos is about 80% higher than the rest of the country, it is compensated by the 
fact that on average, most people receive between 80 and 100% more payment than 
in the mainland.

Due to higher income, consumption of electricity is higher in the Galapagos than 
in the rest of the country. Galapagos has one of the highest standards of living and 
highest rate of consumption of any province of Ecuador (Taylor et al. 2006; Villacis 
and Carrillo 2013; Sampedro 2017). Rising numbers of ships coming from the 
mainland with cargo and increased access to goods and services are part of the new 
Galapagos. Both the number of flights and of cargo ships have surged in the last 
decades. Airplanes and ships bring home appliances and vehicles that increase the 
demand for electricity and gasoline on the part of the local residents. According to 
INEC, in 2009, 93.9% of the families had color TVs, and 30.3% had access to cable 
TV (INEC 2006). According to the national census office, cell phone coverage is 
much higher in the Islands than in the rest of the country. 76% of the people had a 
cell phone in the whole of Ecuador, but 92% had a cell phone in the Galapagos. 
Similarly, 26% of the households had a computer on the mainland, 47% had one in 
Galapagos (Villacis and Carrillo 2013). On a survey conducted by INEC, 83.1% of 
the local people claimed that they would like the number of flights to and from the 
mainland to increase, 67.3% would like to see more air transportation between 
islands, and 64.6% would like an increase in the number of boats bringing goods 
from the mainland (INEC 2006). See Fig. 1.1 for projected increase in round trip 
airline flights.

Around 87% of the cargo that goes to Galapagos arrives on ships and the rest by 
airplane. It takes around 3 weeks for a ship coming from Guayaquil to deliver its 
goods, and their capacity ranges from 300 to 1100 tons (Zapata, 2005; Zapata and 
Martinetti 2010). Around 7% of the total maritime cargo consisted of food products. 
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During the early 2000s, there were five ships serving the Galapagos, but some of 
them sunk between 2015 and 2016 which produced a deficit of food and cargo 
among the local residents. Cargo ships arrive to the three main inhabited islands of 
the archipelago: San Cristobal, Santa Cruz, and Isabela. One of the main problems 
with the transport of goods to the Galapagos is the inadequate infrastructure of the 
ports to handle products like fruits and vegetables. In an effort to improve the situa-
tion, food started to be transported in containers, but now it is clear that this is not 
necessarily the best solution either. In 2010 there were 56.142 tons imported for a 
population of some 28,659 inhabitants (WILDAID 2012).

The increase in the standard of living and consumption level is also reflected in 
the increase in the number of motorized vehicles in the islands. The number of land 
vehicles increased between 1998 and 2002 from 28 in 1980 to 1276 in 2006 (Villa 
2007). In 2013 the Galapagos government (Consejo de Gobierno del Régimen 
Especial de Galápagos) established that the ideal number of vehicles for the island 
was 1932. In 2005 a moratorium was established that limited the number of vehicles 
that could be brought to the Islands, and a commission was created to control the 
process. In 2009 the census identified a total of 1962 territorial vehicles in the 
Galapagos in the 5 populated islands; the largest number of vehicles is on Santa 
Cruz (1074), followed by San Cristobal (699), Isabela (154), Baltra (24), and 
Floreana (11) (Oviedo et al. 2010). Most of the vehicles were categorized for per-
sonal use (1144), followed by commercial use (181). Motorcycles and scooters 
were the most common types of vehicles (935), followed by pickup trucks (644) 
(Oviedo et al. 2010). Figure 1.2 shows three scenarios of future vehicle use in the 
Islands. Many local people have their own car, and there is a constant use of “taxis,” 
usually white pickup trucks, used in the towns of the Galapagos and represent 20% 
of the land motor vehicles; 60% of the population uses them more than once a week 
(Cléder and Grenier 2010). The use of taxis is a very inefficient way of transporting 
people. Most taxis are pickup trucks that often carry one or two persons without any 
cargo. Engines are often left running while the drivers or passengers do errands. 
Many institutions have also pickup trucks that are used to carry people a few blocks 

Fig. 1.1  Projected increase in Galapagos airline flights
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in places like Puerto Baquerizo or Puerto Villamil. Bikes on the other hand are not 
used extensively.

The number of boats taking passengers from one island to the other has also 
increased steadily. According to the Ecuadorian Navy, there were 42 launches that 
offered regular transportation between islands in the Galapagos (Ouvrard and Grenier 
2010). The size and power of outboard engines have been increasing. Whereas previ-
ous to 2000, most engines were only 50 or 75 HP, today most of the boats have 2 or 
3 large 150 to 220 HP engines. Boats today have on average 450 HP, and 55% of the 
boats have reported that they increased the size of their engines in the last few years. 
They consume an average of 60 gallons per trip between Santa Cruz and Isabella or 
San Cristobal (Ouvrard and Grenier 2010). The use of more powerful engines has 
also decreased the average time that a trip between islands takes, which is now 2 h 
when only a few years ago, it took some 5 h (Ouvrard and Grenier 2010). The most 
common routes connect two of the three main port towns, like Santa Cruz and Isabela 
or Santa Cruz and San Cristobal. There are also chartered boats contracted by resi-
dents, tourism agencies, or institutions. Many are dedicated to tourism activities and 
take people to sites close to towns, to SCUBA trips, and to sport fishing outings. As 
can be seen in Fig. 1.3 in a scenario of rapid growth, the number of inter-island ves-
sels could grow three times with an increase of tourist coming to the Galapagos.

�Energy Demand and Supply in the Galapagos

The Galapagos has gone through several systemic transformations (González et al. 
2008) during the last 400 years of human presence in the Islands. These transforma-
tions have been driven by the increased availability of energy and the constant intro-
duction of technological innovations. Since the 1960s new means of transportation 
and other technological innovations have resulted in and are the result of population 
increase and better standard of living in the Islands. These innovations include 

Fig. 1.2  Projected increase in vehicles on the Galapagos Islands. Mena et al. (2013)
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airplanes, boats, cars, trucks, outboard engines, refrigerators, and electrical power 
plants which create an increasing demand for energy. Fossil fuels have made possible 
the conditions that have accelerated connectivity with the mainland and the world 
through the expansion of tourism, the increase in fisheries, and the increased level of 
consumption by the local population. Fossil fuels have provided the bases for greater 
accessibility of outsiders to the islands and of islanders to outside goods but have also 
generated conditions that made possible the increase in introduction of invasive spe-
cies and the risk of major oil spills.

As the need for imported fossil fuels increases, so do the chances of an accident 
during the transportation of these fuels. One of the most catastrophic events in the 
history the Galapagos was the oil spill of the fuel tanker “Jessica” the evening of 16 
January 2001. The tanker crashed against the rock reef at the entrance to Puerto 
Baquerizo Moreno, in Wreck Bay, on San Cristóbal Island, Galápagos. The ship 
was carrying about 600 tons (160,000 gal) of diesel oil and 300 tons (80,000 gal) of 
intermediate fuel oil (IFO 120). The diesel was destined to be delivered to the fuel 
dispatch station on Baltra Island, and the IFO was destined for the tourist vessel 
“Galapagos Explorer” (Sanderson et al. 2001). By 29 January, most of the remain-
ing 180,000 gallons of fuel oil (75,000 gallons of IFO 120 and 105,000 gallons of 
DO#2) had escaped from the hull and dispersed to waters within the archipelago 
(Lougheed et al. 2002). Of the 370 large animals reported to be contaminated by oil, 
most were marine iguanas, pelicans, and sea lions. Other seabirds were also reported, 
but their numbers were small. Thousands of fish and invertebrates that live in the 
intertidal and the coastal areas were also affected, but exact numbers were not 
recorded. The largest numbers of affected animals were found on San Cristóbal and 
Santa Fe and were reported shortly after the spill (Lougheed et al. 2002). The Jessica 
oil spill highlighted the need for better system of hydrocarbon transportation and 
storage. Some improvements such as the use of double hulls and better storage 
facilities were implemented. It also highlighted the growing need for the introduc-
tion of renewable energy. A plan was created a few years later to shift to renewables 
by 2017 and stop the import of fossil fuels.

Fig. 1.3  Projected increase in inter-island marine travel. Mena et al. (2013)
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Diesel consumption has been growing at rates of 6.00% per year over the last 
decade. There are different uses for diesel in the Galapagos: in 2001, 60% of the energy 
went to the tourism sector, 26% to the generation of electricity, 8% to institutions, 4% 
for fishing, and 2% for transportation in the Islands (Kassels 2003; Langer 2012). In 
other words most of the diesel that comes to the Galapagos is consumed on the cruise 
boats, not on land. In the case of gasoline, 41% was used for transportation, 31% used 
for fishing, 23% for tourism, and 5% for institutions. When taking into account demand 
for diesel and gasoline, the tourism sector accounted for 41.5%, followed by transpor-
tation with 21.5%, fishing 17.5%, the generation of electricity 13%, and used by insti-
tutions 6.5% (Kassels 2003; Langer 2012). The demand of fossil fuels used for fishing 
is decreasing percentagewise, but the demand for other uses such as tourism and land 
transportation has increased. This large amount of energy that the cruise boat sector 
consumes coincides with the view of some local residents that large boats use many of 
the resources and are responsible for many environmental problems.

If we take into account the energy used in the Galapagos, even those fossil fuels 
used by cargo boats and airplanes that are fueled in the mainland, transportation 
accounts for the greatest demand for energy: 25,000,000 L or 900,000 GJ went to 
air transportation; 16,380,000  L or 590,000  GJ went to the large cruise boats; 
5,950,000 L or 220,000 GJ went to car transportation; 1,300,000 L or 47,000 GJ 
went to speedboats; 400,000 L or 14,000 for ferries; and 75,000 L or 27,000 GJ 
went to cargo boats bringing goods from the mainland (Calle 2014). The majority 
of the Islands energy demand (80%) is used to transport goods and people in planes, 
cruisers, and vehicles (Calle 2014) both from the mainland and between islands. 
Much of the rest goes to the production of electricity, where the system is still rela-
tively inefficient. For example, 170,000 L used for electricity each year, generates 
234,400 GJ, of which 60% is lost and 90,000 GJ reaches consumers. GLP is used 
mostly for cooking (85%) and for heating water for showers and sinks. Gas in 
Ecuador is commercialized in cylinders of 15 kg for domestic use and of 45 kg for 
industrial use and are brought in by cargo boats. Just in Santa Cruz between January 
and August of 2011, a total of 41,000 cylinders were consumed of which 3,100 
were for domestic use and 10,000 for industrial use (Calle 2014).

The increased demand for electricity is to a large extent the result of the tourism 
boom and the way it has stimulated the economy of the Islands. Technological 
improvements, digital communication, refrigeration, and other goods have become 
necessary for the evermore demanding tourists arriving to the Galapagos. Electric 
demand increases during warm season between January and May when there is more 
demand for energy from cooling systems such as air conditioners and refrigerators.

�Energy Subsidies in the Galapagos

The constant growth of the population and the increased consumption of electricity 
have been accompanied by an increased demand for production of electricity. Much 
of the electricity produced is from diesel-based thermoelectric generators, but some 
is based on renewable sources including wind, solar, and vegetable oil.
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Fuel subsidies are a big incentive for people to overuse land and marine vehicles. 
Most of the fuels and the electricity used in the Galapagos are subsidized. In the 
Galapagos, as in the rest of the country, fossil fuels are subsidized because of social 
and political reasons, and a gallon of diesel that goes to land diesel vehicles is about 
four times less expensive than the international prices, and cooking gas is seven 
times cheaper. Diesel for the tourism sector, which was also subsidized for many 
decades, is no longer subsidized and tourism companies must pay the international 
price for the fuel. Besides the national subsidies to fossil fuels, in the Galapagos the 
transport of fuels is also subsidized as gasoline and diesel cost the same as in the 
mainland. The price of fuels for artisanal fishers and transport units is $ 1.48 USD 
for gasoline and 1.02 USD per gallon for diesel. Gasoline for land vehicles and 
some of the boats cost around $1.60, and the diesel for buses and trucks is $1.40 per 
gallon. The cost of fuel transportation to the Galapagos in 200 was subsidized 
517,000 USD (see Table 1.1).

These fuel subsidies helped support a booming fishing fleet in the 1990s and 
early 2000s but also contributed to the overexploitation of fish, sea cucumbers, 
and lobsters. Most of the subsidies were directed to diesel fuel which accounts for 
five times more subsidies than gasoline. Diesel for electricity generation is also 
subsidized 0.91 per gallon (Jácome 2008). The amount of money going to subsi-
dize hydrocarbons in the islands has actually increased. In only 5 years, between 
1995 and 2000, there were more than 3 million dollars in fuel subsidies in the 
Galapagos (Kerr et  al. 2004). Between 2001 and 2008 subsidies went from 
accounting 21% of the total price of the fuels to be 58%. Electricity is also heavily 
subsidized in the Galapagos, it has been calculated that the total amount of subsi-
dies coming to the Islands only for electricity is 8.6 million dollars a year (Jácome 
2008; Kerr et al. 2004) calculated that of all the provinces of Ecuador, Galapagos 
has the highest subsidy.

Ecuador stopped subsidizing fuel in 2012 for national flights, but most of the 
other subsidies are still in place. Galapagos residents pay around 50% the cost of the 
ticket to go to the mainland; Ecuadorian nationals pay about 75% of the cost of the 
ticket, whereas foreigners pay the full cost. Galapagos residents have been receiving 
traveling subsidies since 1997 (Kerr et al. 2004). Using this subsidy many people fly 
to the mainland for medical reasons, to go shopping, visit relatives, or for holidays. 
In a census conducted in 2006, 57.4% of the residents said that they had traveled to 
the mainland during the last year (INEC 2006).

Table 1.1  Galapagos fuel subsidies in 1996, 1998, and 2000

Year Gasoline Diesel Gas

Estimated transport cost

Total gl Total tons
Total 
subsidyper gall on per ton

Thousand 
gl

Thousand 
gl Ton

Thousands 
$

Thousands 
$

Thousands 
$

Thousands 
$

Thousands 
$

1996 703 2498 528 0.17 181 435 95 530

1998 738 3490 458 0.08 141 279 64 344

2000 1173 4582 379 0.11 82 486 31 517

Source: Petroecuador, taken from Kerr et al. (2004)
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As it is true in many places around the world, political pressure makes it very dif-
ficult for these subsidies to be removed once they have been implemented. However 
some of the subsidies, especially those that benefited the large tourism companies, 
have been removed. In November 2010, Presidential Decree Number 175 eliminated 
diesel subsidies for large tourism boats and established a formula to calculate the 
price for the fuels used by the tourism sector. Business people associated with the 
cruise boats claimed this change represents at a 21% price increase.

�Searching for Solutions

In 2007, the government of Ecuador through the Ministry of Renewable Energy 
outlined a plan called “The Galapagos Islands Zero Fossil Fuel Initiative” to elimi-
nate the consumption of fossil fuels in the Galapagos by the year 2017. It was a plan 
that aimed at replacing fossil fuels with solar energy, wind energy, and biofuels, and 
gradually converting diesel engines used in transportation into biofuel engines and 
using only hybrid cars in the Islands (Carvajal 2012). Although the plan failed as it 
was initially programed, many important initiatives have been implemented in the 
last 10  years. Most renewable project initiatives have some financing from the 
Ecuadorian government and other international cooperation agencies, large utility 
companies, and government development agencies from countries including Korea, 
Germany, Japan, and Spain.

The first place where a renewable energy system was successfully implemented 
was San Cristobal Island. Wind power generation started functioning in San 
Cristobal in 2007 and provides around 30% of the energy needs of the Island. It 
consists of three wind turbines each with a capacity to produce 800 KW, producing 
a total of 3.2 GWh/year. The project was funded by the government of Ecuador, an 
international consortium of electric companies, and the Galapagos public electric 
company ELECGALAPAGOS. Between October 2007 and June 2016, diesel gen-
erated 71,886,243 kWh (72.4%) of electricity and wind 27,427, 243 (27.4%) (www.
eolicsa.com.). Between 2007 and 2015, three 157-foot wind turbines replaced 2.3 
million gallons of diesel fuel equivalent to 21,000 tons of carbon dioxide emissions 
(http://www.elecgalapagos.com.ec, Procopiou 2016). There have also been some 
technical problems with wind generation resulting in large power fluctuations in 
San Cristobal affecting some 7000 people. The turbines were going to be originally 
placed in Cerro Joaquin, but because of fears that they were on the flight route of the 
Galapagos petrel (Pterodroma phaeopygia)—one of the most endangered endemic 
birds of the islands—they were moved to another hill, Cerro Tropezon. At the 
moment, the main environmental concern is the risk to bats from the propellers.

Another wind project has been built in Santa Cruz designed to provide 20% of the 
energy needs of the Island. It consists of a wind park of three turbines on Baltra, an 
Island next to Santa Cruz, from where the electricity is transmitted to the main port 
town of Puerto Ayora, where some 14,000 people live. The 50 km transmission line 
consists of submarine and buried cable. The project can generate 2.25  MW 
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6000 MWh/year based on three wind turbines of 750 kW each (http://www.elecgala-
pagos.com.ec). Additional photovoltaic projects have been built on Santa Cruz and 
Baltra. In Puerto Ayora a 1.5 MWp solar farm has been built on 2.9 hectares of land. 
It consists of 6000 solar panels and was financed by the Ministry of Electricity of 
Ecuador, the Electric Energy Company of Galapagos, and the Korean cooperation 
agency KOICA. The photovoltaic project in Baltra produces 0.2 KWp, and its aim is 
to stabilize the energy generated by the wind turbines on the Island. It was financed 
by Japan Cooperation Agency (JICA) and the Ministry of Electricity and Renewable 
Energy (MEER). In Floreana the original 2004 solar energy project stopped working 
in 2009, but has been renewed and supplemented with a bio-oil project based on a 
Jatropha plant. There is now 21 kWp of PV energy installed as of 2014 based on 
funding from the AECI (Spanish Cooperation Agency) and the GIZ (German 
Cooperation Agency).

Jatropha (Jatropha curcas) is a native plant grown on the coast of Ecuador where 
it has traditionally been used for many purposes but especially as a fence. Thermic 
plants using Jatropha oil have been built on Isabela and Floreana. Large amounts of 
oil are needed to produce fuel for the two islands: 30,000  gal/year in Floreana; 
180,000 gal/year in Isabela (Jácome 2008). The project consists of having farmers 
in the province of Manabí grow the plant and then process it into oil for delivery to 
the Galapagos. This project can create jobs in rural areas of the mainland without 
taking away agricultural land as it grows in marginal soils.

In Isabela, an island that has a population of more than 2000 people, there are 
two solar photovoltaic generators that produce electricity on the Island. These gen-
erators have a total capacity of 800 KWpv and improving the existing hydrothermal 
generators will reduce the amount of diesel imported to the Island by around 60% 
annually (status 2007), which means a reduction of 400 L of diesel per day (more 
than 146.000 L of diesel per year). (ELECGALAPAGOS S.A. N.D. report). Working 
with the German Development Bank and the Ministry of Electricity and Sustainable 
Energy of Ecuador, a solution has been proposed for Isabela that includes several 
strategies: a thermic plant fueled by a mix of Jatropha oil and diesel that will pro-
duce 1.62 MWp, a solar photovoltaic plant that can generate 0.92 MWp, and an 
energy storage system based on lithium-ion batteries and storage tanks for the 
Jatropha oil (http://www.elecgalapagos.com.ec).

At a local scale, different solutions have been proposed, and some have been 
implemented to lower the dependency on fossil fuels. Municipalities and small busi-
ness have used solar panels to generate electricity for buildings and street lights. 
Besides the production of alternative energy, projects to decrease energy consump-
tion are also in place and include banning of cars, light bulb changes, and a new type 
of induction cooking stove. Another project replaced refrigerators older than 10 
years for new ones. 739 refrigerators have been replaced up to June 2014 represent-
ing a reduction in energy use of 7.5%. There has also been an effort to replace con-
ventional public lighting with more efficient lamps LED. Bike paths have also been 
created in most of the inhabited islands by the municipalities.

Although there has been an increase in the number of renewable energy projects, 
the relation between renewable energy and fossil fuels is not getting better because 
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of the increased demand for energy. Currently the amount of electricity that is gen-
erated from alternatives is still relatively small. However according to some projec-
tions (Pizzitutti et  al. 2016), if new renewable energy projects are not built, and 
demand for electricity continues to increase, the ratio of renewables to traditional 
fuels will decrease over time.

�Conclusion

The unique and fragile ecosystems of the Galapagos depend on a high degree of isola-
tion for the islands. The relatively recent presence of humans in the last few centuries 
has generated a series of impacts and transformations on the environment and on the 
iconic species. During the last century, technological changes and the availability of 
cheap fossil have generated a positive feedback system which results in an increase in 
the human presence, an expansion of the economy based mostly in tourism, and an 
increase in the consumption of goods on the islands. The international fame of the 
Galapagos as a pristine natural laboratory has resulted in the increase of the number of 
cargo boats and airplanes coming and going to the islands. The increased amount of 
traffic has resulted in an increase of alien species being introduced to the islands. 
Currently there are more introduced species of plants than there are native or endemic 
species, and the number of new introduced insects increases every year and is a threat 
to Galapagos ecosystems. The increase in marine traffic has also created a greater risk 
for oil spills that could affect the fragile marine and intertidal communities of the 
Galapagos.

Island-hopping tours in speedboats and other land-based tourist activities have 
started to demand more fossil fuels as outboard engines, air conditioners, refrigerators, 
and digital communications have been introduced at a fast pace to satisfy the demand 
of the local population and the tourists. Fossil fuels sold in the Galapagos are subsi-
dized; which has contributed to the increases in the standard of living of the local 
population. Subsidized fossil fuels are a challenge to the conditions necessary to sup-
port the evolutionary processes needed for the maintenance of the Galapagos.

In order to decrease dependency on fossil fuels, Galapagos has experimented 
with a range of energy types and is trying to develop new energy mixes. The vulner-
ability of the animals and the ecosystems of the Galapagos has been a critical factor 
in creating a sense of urgency about generating the proper mix. Some of the solu-
tions so far have been directed to the uses of alternative energy by the local resi-
dents, but there are still many improvements that can be made to lower energy 
consumption. Small changes in patterns of consumption and energy use such as 
increased use of bicycles and less use of appliances such as air conditioners together 
with improvements in design and construction can help to improve energy manage-
ment in the Islands. There have been few if any programs aimed at improving the 
efficiency of energy use in transportation. Realistic solutions to reduce the use of 
fossil fuels in sea and air transportation seem to be distant. A combination of biofu-
els, solar energy, and the use of sail boats could help reduce the dependence on 
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nonrenewable sources in transportation. The positive feedback system that gener-
ates higher levels of growth and development, threatens local and iconic organisms 
and the unique and fragile ecosystems of the Galapagos. Fossil fuels are a challenge 
to the conditions that support the evolutionary process necessary for the mainte-
nance of Galapagos as a natural laboratory. New technologies need to be developed 
to minimize hydrocarbon fuels currently used in transportation of goods and tour-
ists. Currently, the system is based on the demand of tourists to see many places in 
a few days. As a major use of fossil fuels is traveling to and from the mainland and 
with no alternatives to the use of airplanes, the rotation of tourists and the time spent 
by tourists on the islands should be re-examined.
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Chapter 2
Driving Forces and Barriers for a Sustainable 
Energy Mix in Fragile Environments:  
North–South Perspectives

Michael S. Quinn

�Introduction

The 133,000 km2 Galapagos Marine Reserve, established in 1998, is one of world’s 
most biological diverse protected areas. Equally significant is the fact that approxi-
mately 97% of the land area of the Galapagos Islands is protected as a national park 
and the entire region is designated a UNESCO World Heritage Site. More than 3000 
species, 20% of which are endemic, make this one of the world’s most precious and 
beloved biodiversity hotspots. Due to the isolation and protection of the Galapagos, 
approximately 97% of the original flora and fauna composition remains intact.

The unique environment of the archipelago draws an exponentially increasing 
number of nature-based tourists. Meeting the demands of these visitors taxes the 
capacity of the landscape to meet the energy requirements and assimilate the 
impacts. This is a remote, fragile and highly cherished environment where decisions 
about human use and management are paramount. Although only 3% of the land 
area is inhabited, there are a myriad of effects arising from human presence. As with 
other fragile environments, we are ‘loving the Galapagos death’.

The conveyance and use of diesel for thermal energy and transportation represent 
one of the greatest threats to this fragile island ecosystem. The Galapagos Islands 
imported 47,585,127 L of diesel and gasoline in 2010 (Westerman 2012). Oil is 
shipped at frequent intervals by relatively small tankers from mainland Ecuador to 
limited storage facilities on the islands. Until 2007, nearly all the electricity used in 
the Galapagos was derived from diesel generators. Diesel is also the primary fuel 
for marine vessels. In January 2001, risk became reality when the tanker ‘Jessica’ 
ran aground 1 km off San Cristobal Island spilling three million litres of bunker C 
(intermediate fuel oil 120) and diesel oil into Wreck Bay. The potentially cata-
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strophic ecological effects were partially abated by weather and sea conditions 
when some of the oil evaporated and much of it dispersed over a large area (Edgar 
et al. 2003). Nonetheless, there were negative consequences recorded for iconic spe-
cies such as the marine iguana (Lougheed et al. 2002), and the clean up/restoration 
costs were approximately US $9 million. The event served as a significant driver for 
considering alternatives to an energy system dominated by fossil fuels. In 2007, 
both the Ecuadorian government and UNESCO declared the Galapagos as ‘threat-
ened’ and in need of priority action (González et al. 2008).

�Energy, Climate Change and Tourism on Remote Island States

Along with the potential for oil spills, remote island states are highly susceptible to 
changes in global climate as a result of fossil fuel consumption. For example, 
Simpson et al. (2010) reported that islands of the Caribbean are:

particularly vulnerable to the effects of climate change, sea level rise and extreme events, 
including: relative isolation, small land masses, concentrations of population and infra-
structure in coastal areas, a limited economic base and dependency on natural resources, 
combined with limited financial, technical and institutional capacity for adaptation. (p. 4)

The authors estimate that a conservative estimate of 1 m rise in sea level in the next 
50 years could result in the following losses in the Caribbean:

•	 Nearly 1300  km2 land area lost (e.g. 5% of the Bahamas, 2% Antigua and 
Barbuda)

•	 Over 110,000 people displaced (e.g. 5% of population in the Bahamas, 3% 
Antigua and Barbuda)

•	 At least 149 multimillion dollar tourism resorts damaged or lost, with beach 
assets lost or greatly degraded at many more tourism resorts

•	 Damage or loss of five power plants
•	 Over 1% agricultural land lost, with implications for food supply and rural liveli-

hoods (e.g. 5% in Dominica, 6% in the Bahamas, 5% in St. Kitts and Nevis)
•	 Inundation of known sea turtle nesting beaches (e.g. 35% in the Bahamas and St. 

Kitts and Nevis, 44% in Belize and Haiti, 50% in Guyana)
•	 Transportation networks severely disrupted:

–– Loss or damage of 21 (28%) CARICOM airports
–– Lands surrounding 35 ports inundated (out of 44)
–– Loss of 567 km of roads (e.g. 14% of road network in The Bahamas, 12% 

Guyana, 14% in Dominica)

The above changes are predicted to result in direct rebuilding costs to the 
Caribbean tourism industry of US $10 to $23 billion by 2050.

Similarly, climate change is expected to exacerbate and intensify the effects 
experienced during El Niño episodes in the Galapagos leading to increased 
temperatures, changes in precipitation, seal level rise, ocean acidification, and ocean 
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current shifts, all of which are highly detrimental to regional biodiversity. Moreover, 
tourism is responsible for at least 75% of the economy in the Galapagos and directly 
employs approximately 40% of the islands’ population:

Climate change is expected to threaten all of the species that research shows are most 
important to tourists. Severe declines in these species could lead to either a reduction in 
tourism or a shift from nature-based tourism to more mass-market, resort-based tourism. 
Such a shift would further threaten wildlife species, as this style of tourism likely would 
require additional urban development and natural resources and result in increased habitat 
loss and pollution. (Conservation International and WWF 2011, p. 12)

Despite repeated warnings and calls to limit the number of tourists, annual visita-
tion continues to grow at a rate of approximately 14% per year; this equates to a 
doubling of tourists every 5 years. Tourism began to increase in the 1960s when 
approximately 1000 visitors/year travelled to the islands. In 1990 there were 
approximately 40,000 visitors to the Galapagos, and today the number exceeds 
200,000 (Tourtellot 2015). The ever-increasing number of visitors creates a demand 
for ‘more’: “more electrical power, more food, more water, more fuel, and a larger 
workforce: and thus more immigration, more garbage, more transportation, more 
introduced species and greater danger to sustainability” (Sevilla 2008, p.  27). 
“Energy flows, growing economic opportunities, and positive economic feedback 
associated with the current model of tourism have the potential to accelerate major 
changes and threaten the sustainability of the archipelago in the near future” 
(González et al. 2008, p. 13). The transition to a sustainable energy mix for the 
islands is essential to the future of the entire social-ecological system. The 
Galapagos Islands and other fragile environments offer unique opportunities to 
develop and implement strategies for sustainable, resilient energy systems.

Energy systems are comprised of diverse actors (e.g. producers, transporters, 
regulators, end-users) with different, often competing, objectives all interacting 
through physical and social network that are fraught with uncertainty. Bale et al. 
(2015) argue that adopting approaches and models from complex systems, thinking 
is necessary to address the challenges of providing affordable, secure energy in a 
manner that mitigates climate change. “Complexity science and its associated mod-
elling methods enable the study of how interactions between different elements of a 
system give rise to the collective emergent behaviour of that system and how the 
system interacts and responds to its environment and evolves overtime” (Bale et al. 
2015, p. 151). The purpose of this chapter is to review the critical driving forces and 
barriers to achieving sustainable energy systems and energy security in fragile envi-
ronments. Precedents from other fragile and remote regions are offered as sources 
of potential actions and solutions. This information provides a critical foundation 
for a complexity theory approach to addressing energy management in the Galapagos 
Island.

2  Driving Forces and Barriers for a Sustainable Energy Mix in Fragile Environments…
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�Driving Forces

The preceding introduction clearly establishes international significance as one of 
the primary drivers for achieving a sustainable energy mix on the Galapagos 
Islands. The region is the focus of international attention, and the global commu-
nity expects the Ecuadorian government to address the need for change. Since at 
least 2007, the national administration has been responding to both external and 
domestic imperatives for a transition to a more renewable energy mix. For exam-
ple, the Ecuadorian government launched a ‘Zero Fossil Fuels in the Galapagos’ 
programme in 2007 which hoped to eliminate the use of fossil fuels in the electrical 
sector by 2015 and the transportation sector at a later date (IRENA 2015).

Global significance and recognition has resulted in interest from a variety of 
international organizations that engage in collaborative sustainable energy pro-
grammes. For example, the Ecuadorian government launched the ‘Renewable 
Energy for Electricity Generation-Renewable Electrification of the Galapagos 
Islands’ programme supported by the Global Environment Facility (GEF) and the 
United Nations Development Programme (UNDP). Likewise, the presence of 
groups such as the E-8, a non-profit international organization composed of nine 
leading electricity companies from the G8 countries, is a potent driver of change. 
The E-8 helped to develop and implement public-private partnerships that led to 
wind (2.4 MW) and solar energy (2 × 6 kW) installations on San Cristobal Island. 
The US $10 million wind project is expected to reduce terrestrial diesel consump-
tion by approximately 50% (E-8 2008), although the system has not met expecta-
tions to date (Yu et al. 2015). The project also includes a strong commitment to 
technical capacity building and public education on sustainable energy. “Through 
these programmes, the e8 has highlighted the importance of human capacity build-
ing and public education for the effective local acceptance, development and spread 
of renewable and clean energy technologies” (E-8 2008, p. 50).

Another related driver for change is the expectations of visitors traveling to the 
islands to experience the perceived pristine conditions. Tourists willing to travel 
1000 km off the western coast of Ecuador are doing so in order to experience some 
of the highest quality nature-based tourism on the planet. The future of this industry 
will be based on the ability to insure that the unique flora and fauna of the islands is 
protected from the effects of human presence, including the consequences of fossil 
fuel combustion.

Global climate change initiatives are another major driver for addressing energy 
issues. The Republic of Ecuador submitted a climate change action plan as part of 
the UN Framework Convention on Climate Change (UNFCCC) negotiated in Paris 
in late 2015. Ecuador’s commitment is based on the principle of Buen Vivir (good 
living – from the Ecuadorian Constitution) – “to live with dignity and have basic 
necessities met in harmony with oneself, with the rest of the community, with dif-
ferent cultures and with nature” (Government of Ecuador 2015, p. 2). Meeting these 
commitments is, and will increasingly be, an important driver in the reduction of 
hydrocarbon combustion. As indicated above, the islands are potentially imperilled 
by the altered environmental conditions expected to accompany climate change.
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Political will and administrative commitment are critical drivers in the establish-
ment of a sustainable energy mix. The actions required to achieve sustainability 
extend well beyond relatively short-term political electoral cycles. The development 
of policy, law, regulations and guidelines need to be conducted with intent to grow 
the commitment over time. This needs to occur at the national level as well as the 
local level of islands.

Local residents and business owners can also be an impetus for change. People 
living and relocating to the Galapagos are likely to have a strong desire to maintain 
the conditions that support their livelihood. Organizations such as the International 
Galapagos Tour Operators Association (IGTOA) strongly support environmental 
management for sustainability. “Residents and tourists in the Galápagos are inextri-
cably linked: For locals, keeping the Galápagos pristine is not simply a matter of 
protecting biodiversity but necessary for the economy, which thrives as a result of 
the tourist industry” (IGTOA 2016). Developments like Pikaia Lodge on Santa Cruz 
Island help drive the demand for a lower carbon future on the islands. The lodge is 
carbon neutral and expects to create a net surplus of energy to put back into the grid 
(Pikaia Lodge 2016). This is a tourism product aimed at the discerning visitor who 
expects a high-quality environment and luxury accommodation. Helping to choose 
the type, timing and intensity of tourism on the islands is a driver that can be strongly 
influence by local interests.

�Barriers

There is no shortage of barriers to a more sustainable energy transition. In 1997 the 
Global Environment Fund (GEF) project identified the following as some of the 
most significant barriers to renewable energy alternatives in the Galapagos:

•	 Limited experience with renewable energy technologies, especially with regard 
to electricity generation

•	 Lack of familiarity with the operation and maintenance of renewable energy and 
hybrid (renewable/conventional) electricity systems

•	 High initial capital cost of renewable energy technologies
•	 No experience with power purchase agreements and independent power 

generation
•	 Lack of experience with project finance investments and joint venture operations 

between electric utilities and the private sector
•	 Difficult access to finance for renewable energy technologies that are new to 

Ecuador due to high perceived risks

Westerman (2012) reported that the primary drivers of energy consumption for 
households and businesses in the Galapagos Islands are subsidies ($13,402,294 
expended on gasoline and diesel subsidies for the islands in 2005), inefficient 
electrical appliances and lack of awareness about renewable energy alternatives. 

2  Driving Forces and Barriers for a Sustainable Energy Mix in Fragile Environments…
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These factors act as barriers to achieving more efficient energy systems and can be 
addressed by relatively simple policy intervention.

Path dependency refers to the phenomenon of past conditions influencing current 
decisions. Systems theory asserts that complex systems exhibit ‘memory’ (hyster-
esis) whereby current states are sensitive to initial conditions (Shapiro and Summers 
2015). Unruh (2000) describes how industrial economies have been locked into 
fossil fuel-based energy systems “through a combination of systematic forces that 
perpetuate fossil fuel-based infrastructures in spite of their known environmental 
externalities and the apparent existence of cost-neutral, or even cost-effective, rem-
edies” (p. 817). Path dependency acts as a barrier to innovation diffusion. The adop-
tion of alternative and renewable energy sources requires overcoming significant 
inertia of the existing energy system in the Galapagos.

Remoteness is one of the most obvious barriers to sustainable energy transitions 
in the Galapagos. The islands are located approximately 1000  km west of the 
Ecuadorian mainland. There are significant challenges and costs associated with the 
transportation of all products and technologies utilized on the islands. Remoteness 
is a financial barrier and a disincentive for investors in alternative energy produc-
tion. The small land area and disaggregated isolation of energy loads further exac-
erbate the remoteness of the islands from an energy systems perspective due to 
economies of scale.

The majority of tourism in the Galapagos is facilitated by marine vessels for 
both transportation and accommodation. These boats are primarily fuelled by die-
sel that is transported from the mainland and stored on the islands. Despite the 
growing availability of alternative fuels and technologies (Deniz and Zincir 2016), 
the challenges of adapting and retrofitting a fleet to utilize alternative fuels are a 
significant barrier to a more sustainable energy future. Likewise, other technical 
challenges associated with emerging technologies for low carbon energy produc-
tion, storage and transmission act as barriers throughout the terrestrial environs of 
the Galapagos.

Political and regulatory frameworks can promote or inhibit the transition to a 
more sustainable energy system. An historic barrier to the adoption of alternative 
energy sources is the subsidization of electricity and transportation fuel in the 
Galapagos. Although this subsidization helps offset the potentially high costs to 
local consumers, the energy prices do not reflect the real costs of transporting, gen-
erating, distributing and addressing the impacts of energy production (Jácome 
2007).
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�Precedents

�Barbados

A draft National Sustainable Energy Policy of Barbados (Government of Barbados 
2016) was developed to address the heavy reliance on fossil fuels (97.4% of total 
energy is oil derived). The objectives are to “unlock economically viable invest-
ments in sustainable energy that will reduce Barbados’ dependency on fossil fuels, 
and therefore reduce energy costs, improve energy security, and enhance environ-
mental sustainability” (p. 8). The policy is based on a set of core principles that (1) 
include a commitment to reduce costs and increase environmental sustainability, (2) 
full-cost accounting (i.e. account for externalities not considered in conventional 
cost-benefit analyses) and maximize value creation, (3) access international support 
(including regional integration), (4) include technological neutrality, (5) build on 
existing strengths of the current utility system and (6) support cost-effective research 
and development for energy innovation. The policy will be delivered through a set 
of actions that increase the renewable energy production (29% of all electricity 
consumption will be from renewable sources by 2029), increase electrical energy 
efficiency to generate 22% savings over business as usual conditions by 2029, 
improve non-electric energy efficiency (primarily in transportation) by 29% by 
2029, increase the sustainability and efficiency of all fossil fuel activities and 
increase awareness and skills of the Barbados population for economically viable 
and environmentally sustainable energy production and use.

An innovative mechanism to help achieve the objectives of the sustainable energy 
policy in Barbados is the creation of the Energy Smart Fund to provide financial 
assistance and technical support for the development energy efficiency and renew-
able energy projects. Capital for the programme was created through a US $10 mil-
lion loan from the Inter-American Development Bank. The Energy Smart Fund is 
active in six programmes including (1) technical assistance through grants to busi-
nesses for predevelopment studies for energy efficiency and renewable energy proj-
ects, (2) financing for energy retrofitting, (3) consumer rebates and financing, (4) 
free compact fluorescent bulb distribution, (5) rebates for the replacement of old air 
conditioners and (6) grants for public awareness and education programmes.

The removal of barriers and creation of incentives have demonstrated how an 
island state like Barbados can improve energy efficiency, security and sustainability. 
In late 2015 the Caribbean Centre for Renewable Energy and Energy Efficiency 
(CCREEE, see: www.ccreee.org) was established with Barbados as the regional 
implementation hub. This will help grow the lessons learned in Barbados across the 
rest of the Caribbean and beyond.

2  Driving Forces and Barriers for a Sustainable Energy Mix in Fragile Environments…
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�Canary Islands

The Canary Islands are located 100 km off the southwest coast of Morocco. The 
Spanish archipelago is comprised of seven main islands including El Hierro 
(278 km2, population 10,750) which claims to be one of the world’s first energy self-
sufficient islands. Similar to the Galapagos, the island harbours a unique and fragile 
ecological system and is a UNESCO Biosphere Reserve. It previously relied on 
marine transportation of diesel fuel to power its electrical generators (45 GWh/year 
from nine units). In 2014 El Hierro transitioned to a combined wind-hydro system 
(Gorona del Viento) comprised of five 2.3  MW wind turbines (11.5  MW total) 
backed up by hydroelectric system. A similar system has been proposed for Gran 
Canaria, the most populous island in the archipelago (Bueno and Carta 2006). During 
periods when energy production exceeds demand, water is pumped from a reservoir 
near sea level to a natural volcanic crater approximately 655 m higher. When wind 
abates, water is released through a set of turbines in a pipe that connects the two 
reservoirs. The hydro system is capable of producing 11.32 MW at maximum flow. 
It is estimated that the integrated renewable energy system will result in eliminating 
annual emissions of 100 tonnes of SO2, 400 tonnes of NOx and 18,700 tonnes of CO2 
(Godina et al. 2015) and will meet project energy demands to 2030.

The El Hierro project required a significant financial investment of approxi-
mately 64 million Euro; 26% private and 74% public sector sources. The project 
offers a useful comparison to the Galapagos as the primary driver was sustainable 
tourism. Not only did the project help to protect the natural environment, the key 
amenity for tourism, but the facility itself has become an attraction for guided tours 
and trekking (Sanchez 2014). The project also includes three desalinization plants 
thus providing critically needed freshwater to inhabitants and limiting the impact on 
natural aquifers. Finally, not only has El Hierro achieved its sustainable energy tar-
gets, it has also achieved energy independence and security for the future. Bueno 
and Carta (2006, p. 338) conclude that “these systems represent an enormous and as 
yet barely explored potential” for achieving a more sustainable energy mix in 
remote and fragile environments.

�Northern Canada

Northern Canada (and other peripherally remote areas) is characterized by widely 
dispersed, remote communities with little or no connection to centralized energy 
grids. Although they are not physically islands, they are faced with many of the 
same challenges to achieve greater energy security and sustainability as the 
Galapagos. The 2006 Canada Census identified 292 remote communities with a 
total population of nearly 200,000 living ‘off the grid’ (Natural Resources Canada 
2011). The vast majority of these communities (251) rely on diesel generators for 
the production of electricity with a combined output of approximately 
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450,000 kW. Most of these communities also rely on heating fuel for their heat and 
cooking. Although diesel is highly subsidized in these communities, the electricity 
rates paid by consumers is still three times what is paid by on-grid customers. As 
with the islands, the drivers for a more sustainable energy mix include environmen-
tal factors (greenhouse gas emissions, potential for spills in transportation, impacts 
of infrastructure and contamination from on-site spills), social factors (noise pollu-
tion, health effects, potential for black-outs) and economic factors (high costs of 
transportation, low incentive for innovation due to economies of scale).

Alternative energy mixes are being considered and deployed in many of these 
communities. Renewable alternatives include hydro, biomass, geothermal, wind 
and solar energy. The federal government created ‘ecoENERGY’ for Aboriginal 
and Northern Communities Program in 2007 to support the development and imple-
mentation of renewable energy projects. The programme has supported nearly 300 
community projects ranging from $4300 to $250,000 for a total of $35 million. 
These funds were generally matched through other sources to generate an even 
greater impact.

One example from the ecoENERGY programme is a 152 kW photovoltaic solar 
array at the Deer Lake First Nation Elementary School in northern Ontario. The 
project was implemented in collaboration with a First Nation renewable energy 
management company formed by the chiefs of the six communities of Keewaytinook 
Okimakanak. The company, NCC Development, aims to reduce the reliance on die-
sel fuel by remote First Nations in northwestern Ontario by 50% through strategic 
implementation of solar microgrids, energy conservation and load management 
(NCC 2016). The project enabled five new homes to be connected to the local grid 
and will meet the school’s energy load during daylight hours. The PV system aug-
ments a 149 kW run-of-the river hydro system and a diesel power plant.

One of the key lessons learned through the ecoENERGY programme is the 
importance of relationship building and working with the communities (communi-
cations, networking and outreach) to build the necessary capacity for adopting alter-
native energy production (Indian and Northern Affairs Canada 2010). The move to 
lower carbon energy mixes is much more than a technical exercise; it is about cul-
tural and societal shifts. The programme also identified the interconnectedness of 
energy systems with other elements of the social-ecological system. Renewable 
energy systems need to be integrated with other programmes and administrative 
structures such as community economic development, strategic planning, commu-
nity health and education.

�Conclusions

The Galapagos Islands are a biodiversity hotspot and world-class tourist destination 
with ever-increasing visitation. Like other remote, fragile environments, the islands 
face pressing challenges to meet their energy needs in a secure, economically effi-
cient, socially acceptable and environmentally appropriate manner. The transition to 
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a lower carbon energy future will require exploration of new mixes of energy pro-
duction in a way that maintains flexibility in the face of change and uncertainty.

Energy systems are highly complex entities comprised of many actors, often 
with conflicting objectives, operating within dynamic physical, social, economic 
and political contexts. Moreover, energy systems are highly interconnected with 
other parts of the full social-ecological system. Systems and complexity theory 
offer useful approaches to address energy futures. Tools such as systems and sce-
nario modelling offer promising alternatives to isolated, sectoral planning methods. 
The information presented in this chapter provides a snapshot of some information 
that should be considered in moving towards an integrated energy systems approach 
to planning for a low carbon future in the Galapagos.

The literature and precedents examined above underscore the importance of tak-
ing an integrated view of achieving an appropriate energy mix. In particular, it is 
clear that technology is necessary, but not sufficient, in achieving energy security 
and sustainability. Human behaviour is one of the most important system compo-
nents to consider. Individual and societal change must be as much a part of an 
energy transition as the exploration of innovative means of energy capture, storage 
and distribution.

There are opportunities to work with residential and small-scale operations on 
the Galapagos to implement solar hot water and photovoltaic systems. However, the 
greatest impact is to be made by focusing on tourists and the providers of tourism 
services. Visitors to the Galapagos Islands should understand the impact of their 
activity with respect to energy use. The author recently participated in a multi-day, 
marine-based ecotour. Although the guides were very knowledgeable about wildlife 
disturbance, introduced species and biological conservation in general, there was no 
mention of the energy challenges facing the islands. Guides should be required to 
include some educational content regarding energy on each tour. This could supple-
ment the information that visitors receive when they arrive at the world’s first 
‘green’ airport on Baltra Island; a facility that is 100% is powered by renewable 
sources (ECOGAL 2016). Knowledge of the need for an energy transition may lead 
to greater philanthropic support from visitors to the Galapagos (Powell and Ham 
2008). Ardoina et al. (2016) interviewed Galapagos tourists and reported a “connec-
tion to nature’ effect, combined with newly acquired environmental knowledge, 
contributes to visitors’ expressed intentions to donate in support of conservation of 
the Galapagos environment” (p. 11). These philanthropic intentions around wildlife 
conservation might be expanded to include energy issues.
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Chapter 3
Climate Change Policy as a Catalyst 
for Sustainable Energy Practice: Examples 
from Mainland Ecuador and the Galapagos

Irene M. Herremans and Mary-Ellen Tyler

�Context

In 2011, Ecuador’s National Electricity Board (CONELEC) identified Ecuador’s 
electricity generation sources as: “Hydroelectric: 60.18%, Thermoelectric: 31.94%, 
Other renewable sources: 0.82%, Imported electricity: 7.05%” (Villa Romero 
2013). While hydroelectricity has a relatively low carbon footprint, it can also be 
susceptible to regional droughts, rainfall variability, and climate change impacts 
affecting rainfall amounts and seasonal precipitation patterns. For example, Ecuador 
experienced unusually low rainfall in 2011, which resulted in low reservoir levels 
which in turn resulted in rolling electricity outages affecting over one million peo-
ple in in different quadrants of the capital city of Quito. Similarly, the amount of 
glacial meltwater sources available to Empresa Eléctrica Quito decreased by 50% 
between 1978 and 2008 (Villa Romero 2013).

Through “Decree 1815” Ecuador established a National Strategy for Climate 
Change to identify climate change actions for the period 2012–2025 (Nachmany 
et al. 2015, p. 3). Ecuador’s related National Plan for Good Living (2013–2017) 
(Republic of Ecuador 2013) includes strategies for climate change adaptation and 
mitigation in partnership with Ecuador’s National Environmental Policy. Objective 
10 of this National Plan promotes diversification of energy mix within the context 
of the National Climate Change Strategy (Nachmany et al. 2015, p. 5). The intention 
is “to reduce net emissions through increased efficiency in production of electricity” 
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through the development of renewable energies (Nachmany et al. 2015). In an effort 
to diversify the  electricity generation grid mix with more sources of renewable 
energy, CONELEC initiated Regulation 004/11 in 2011, which is a feed-in tariff to 
support the development of “solar photovoltaic, wind, geothermal, biomass, biogas, 
and hydro-energy” (Nachmany et al. 2015). This competitive concession contract-
ing was intended to secure renewable electricity production from alternative sources 
using 20-year government contracts as an incentive for development.

�Case One: A Radical Approach to Solar Energy Development

In 2010, Radical Energy, a Canadian solar photovoltaic company specializing in the 
development of solar projects from the idea stage to the operational stage, under-
took development planning for two large-scale solar power projects in Ecuador. 
These two projects (Cóndor Solar and Solarconnection) had a combined planned 
capacity of 63.5 MWp/3 MWac. Although these projects were ultimately not con-
structed, their history provides important lessons useful for other locations inter-
ested in developing sustainable energy projects. Specifically, Radical Energy’s 
planning and development approach was based on three fundamental principles:

•	 Produce ethical returns for investors.
•	 Focus on environment, health, and sustainability.
•	 Ensure maximum social benefits and knowledge transfer.

The initial land area planned for both projects was 147 hectares (ha) which is 
roughly equivalent in size to 133 soccer fields. The area chosen was dry with poor 
potential for agricultural production. According to software calculations using 
RETScreen and PVSyst, the annual electricity generation would be 106  GWh 
(196,000 MWh), which was equivalent to an annual electrical load of approximately 
100,000 households in northern Ecuador.

Project planning included approximately 211,000 three hundred watt solar pan-
els connected to a 69 kV distribution line bisecting the project area. As planned, the 
two projects would offset an estimated 47,000 tonnes of CO2 annually based on the 
2011 carbon intensity of the Ecuadorian grid. This would be equivalent to removing 
8,700 mid-sized cars from the road or 4,392 hectares of forest absorbing CO2 annu-
ally. Projected employment opportunities generated by Cóndor Solar and 
Solarconnection development included 500–700 jobs over a 7–10-month construc-
tion period and 15–25 full-time positions post-construction related to site security, 
panel washing, and general systems monitoring and maintenance.

The total capital expenditure estimated for project construction was $212 mil-
lion in United States currency. In order to fund project construction, an interna-
tional financial consortium was created which involved companies from Spain 
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(Solarpack Technologies, SENER Engineering), the United States (Sunwize 
Technologies), and Canada (Radical Energy, Solexica Development Corporation, 
JCM Capital). Approximately $8.5 million was initially raised to cover land pur-
chases, legal expenses, government performance bonds, operational costs, and 
bank due diligence costs. Three international banks were involved in project finan-
cial planning including the Inter-American Development Bank, Proparco (a private 
arm of the French Development Bank), and the FMO (a private arm of the Dutch 
Development Bank).

Community and environmental investments of $200,000 annually for the 
duration of the 20-year concession contract were included in the project devel-
opment plan. With an estimated project life of 35 years, this would produce $6 
million in the first 20 years and considerably more once project ownership trans-
ferred to the government of Ecuador after year 20. These monies would be cre-
ated by electricity revenues and intended to support education through 
scholarships and small business development through micro-finance loans, as 
well as other environmental conservation and direct investment community 
projects. Although these community and environmental monies were never real-
ized because the projects were not constructed, during the planning phase, the 
development consortium did donate $40,000 to an organic farming NGO work-
ing adjacent to the planned projects.

�Solar Project Development Phases

The role of Radical Energy included project originator, planner, and developer. 
Radical investigated, planned, and developed project plans to the point where the 
projects were able to attract financing, engineering, procurement, and construction 
partners and ultimately project buyers. The scope of services and activities handled 
by Radical Energy was multifaceted and required a very broad understanding of all 
aspects of energy project development including legal, policy, environmental regu-
lations, and stakeholder relations in addition to engineering, finance, and construc-
tion. Radical Energy’s phases of solar project development planning are identified 
below, but in practice they frequently overlapped and were iterative because of feed-
back from various phases:

•	 Market assessment and research
•	 Project site investigation and development planning
•	 Technology and equipment investigation and procurement
•	 Partnership development and financing
•	 Procurement, construction contracting, and labor force recruiting
•	 Project ownership transition (on-going operations and maintenance logistics)
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�Market Assessment and Research

Radical Energy’s activities in this phase focused on two key activities: pre-feasibility 
analyses of a project’s specific financial, regulatory, and legal requirements, and 
identification of country-specific risks and strategies to avoid, transfer, or mitigate 
for investors and developers. As the project development planner, Radical Energy 
analyzed several sources of solar data utilizing global horizontal irradiance as the 
key indicator. Using these results, the areas with the best solar irradiation were 
cross-referenced with the location of electrical distribution and transmission lines. 
Results were then used with RETScreen software to run a financial analysis of the 
project’s siting and estimated annual electrical generation.

�Project Site Investigation and Development Planning

This phase involved the following major activities: investigate alternative develop-
ment sites, site selection, negotiate a land control contract, initiate contact and plan 
for community and social engagement, and conduct social and environmental 
impact scoping. Although government information sources were used to map the 
location of distribution and transmission lines, Radical Energy’s on-the-ground 
Geographic Positioning System (GPS) cross-checks found this mapping informa-
tion to be inaccurate by several kilometers. Because of the significant challenge of 
finding a large enough area to accommodate both projects, Radical Energy person-
nel used a local taxi truck fitted with a camera and GPS to find potential sites and 
confirm the locations of electrical lines. Finally, property of sufficient size for a 
69 kV distribution line running through it was identified as having sufficient capac-
ity to transport future solar electricity production.

Radical Energy executives had learned one very important aspect of sustainable 
energy project planning while participating in the Sustainable Energy Development 
(SEDV) Master of Science Program delivered cooperatively by the University of 
Calgary and the Universidad San Francisco de Quito in Quito, Ecuador. This was the 
importance of stakeholder and community engagement in project development. 
Acquiring stakeholder buy-in and support early in the project planning process was 
crucial to moving forward with the projects. Radical began engaging with almost all 
stakeholders 2  years before planned construction, and the company  used the 
International Finance Corporation’s (IFC) Performance Standards on Environmental 
and Social Sustainability (updated from 2006) to plan and manage interactions with 
the local communities and for the environmental impact assessment of the project 
(IFC 2012). This process created strong relationships with stakeholders including 
numerous government departments; formal and informal consultations with aborigi-
nal communities; and women’s groups, local community councils, and the neighbor-
ing organic farming NGO. An Inter-American Development Bank (IDP) specialist 
who was assigned to review the project work commented on it as being one of the 
best engagement processes they had reviewed in Latin America (Dick 2014).
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�Technology, Equipment Investigation, and Procurement

The engineering analysis in this phase involved several steps: grid connection via-
bility, technology and equipment selection, procurement, and systems engineering. 
The purpose of grid connection viability was to determine if the Cóndor Solar and 
Solarconnection projects could connect with existing transmission and distribution 
lines and transport the electricity into the local grid. Activities included analysis of 
transmission and distribution interconnection requirements, a preliminary grid 
capacity analysis, and negotiations for solar project interconnections with the local 
electrical grid infrastructure.

Based on the results of this analysis, Radical Energy and its partners then inves-
tigated suitable solar PV technology options for the project site. With a consider-
ation for cost-effectiveness, activities included consultation with engineering 
procurement and construction firms; negotiation, audit, signing of purchase con-
tracts; and finalizing selection of technology and engineering firms for construction 
and installation. System engineering activities included utilizing expertise from 
solar engineers to design the final electrical schematics and layout for both projects 
and obtain final approvals from government authorities.

�Partnership Development and Financing

Radical Energy investigated suitable partners to share both the operational and 
financial risk for project development. Activities involved strategic partner identifi-
cation, which included preparing project portfolios, audits, and negotiating invest-
ment contracts with the assistance of legal experts. Lender identification required 
developing project marketing, financial prospectus material, and specific informa-
tion for bank officials. Equity investors identification involved working through due 
diligence reviews of financial and project information with private equity 
investors.

�Procurement, Labor Force Recruitment, and Construction 
Contracting

Before necessary equipment and materials can be purchased and construction 
can begin, all applicable laws and policies must be met. All legal documentation 
required must be completed for project approval including local permitting and 
zoning requirements. Establishing and maintaining strong government connec-
tions were critical in working through all the requirements for final project 
approvals prior to proceeding with procurement and contracting. Specifically, 
two onsite archeological studies, a forestry license to move harvested trees off-
site, solar interconnection approvals with the local electricity grid distribution 
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company, a social environmental assessment study, full project design approv-
als, and construction approvals were all required prior to project construction 
contracting.

�Project Ownership Transition (On-Going Operations 
and Maintenance Logistics)

Upon completion, project assets were expected to be transferred to an asset holder. 
Planning for this transfer requires ensuring the project is functioning as an autono-
mous electricity generating plant and fully operational under a local operations and 
maintenance company.

�Solar Development Lessons Learned

The Cóndor Solar and Solarconnection projects were not completed for political 
reasons beyond Radical Energy’s control. However, the experience with the plan-
ning for these two solar projects provided some important lessons specifically 
related to government policy and community and stakeholder engagement.

Government policy and related incentives while intended to support solar energy 
development also add a significant degree of risk and uncertainty to infrastructure 
projects like Radical Energy’s two solar projects. Such risks are difficult to mitigate 
in the planning and development stage, and it is not uncommon for government 
policy to change in the middle of development, which in turn, completely changes 
the economic viability of a project. Because all the phases of solar project development 
as outlined above can take many years to fully implement, it is critical that policy in 
force at the time of project planning be grandfathered to enable project completion. 
This situation is not unique to Ecuador or developing countries. For example, both 
Spain and the provincial government of Ontario in Canada have had policy changes 
that caused not only projects but a fledgling solar industry sector to falter or fail to 
reach full potential (Fraser Institute 2012; McKitrick and Adams 2014). In order for 
government policy to support the growth of and transition to renewable energy, 
“TLC” (transparency, longevity, and certainty) is required (Deutsche Bank 2009, 
p. 4). Sustainable energy development projects require years of planning work and 
millions of dollars in investment and legal agreements before construction can begin 
and power generated. By creating long-term, transparent policy and regulations to 
support this investment of time and money, investors and the public can be confident 
that investment dollars can be repaid from long-term electricity sales revenues.

Engagement with stakeholders, especially with communities geographically 
located near the project is a valuable social learning experience at all stages of proj-
ect development. Honesty, transparency, and relationships built on trust over time are 
essential throughout the entire project engagement process. However, there is a risk 
that some project information may receive a negative response from stakeholders 
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that could jeopardize the project. As well, project personnel may not always be 
pleased with what they hear in the engagement process, but concerns and motiva-
tions of the community will help them to understand their own project better. 
Ultimately, the objective is to get the project implemented and address stakeholders’ 
concerns early in project development. All types of engagement processes, from 
large town hall meetings to smaller meetings with community leaders, small group 
discussion groups, informal votes, and prioritization of alternatives, can occur during 
the stakeholder engagement process. Although input can range from useful, well-
thought-out comments to angry off-topic attacks, it is all part of the learning process. 
Community meetings help to convey how company investments might be allocated 
to create a sense of trust between project developers and the community. An open 
dialogue can assist in forging a bond that can help a project get through some diffi-
cult times. Initially, it would seem that a large-scale solar project would be an easier 
sell to a community than a large-scale open pit mine or even a wind power project. 
But, based on Radical Energy’s project development experience, in any type of proj-
ect, stakeholders want to be treated as if they are important and part of the process 
(Dick 2017). Stakeholder influence and opposition can cancel a project, cause delays, 
or change government policy. Therefore, although community and stakeholder 
engagement takes time and money, it is fundamental to successful sustainable energy 
project development.

Acknowledgements  Information specific to Radical Energy project was generously provided by 
Ryan Dick, Terrapin Geothermics, Edmonton, AB, Canada, who directed Radical Energy’s project 
work in Ecuador including the project in this case and also participated in the 2014 World Summit 
in the Galapagos.

�Case Two: Adding Energy Efficiency into the Energy Mix

In 2016, graduate students from the Sustainable Energy Development Master of 
Science degree program at the University of Calgary undertook internships in the 
Galapagos. They worked on a project in the community of Puerto Ayora and the 
Island of Santa Cruz initially started by the World Wildlife Fund and the Republic of 
Ecuador’s Ministry of Tourism in the Galapagos. They undertook energy and water 
audits of a sample of tourist hotels to help identify where energy efficiency could be 
improved to better manage growing energy demands from increasing land-based 
tourism pressures. The results of these audits which included interviews with hotel 
managers and staff and lessons learned from these results are described as follows.

�Energy Audit Results

Figures 3.1 and 3.2 compare the audit results for three medium hotels (MSH) and 
three small hostels (SSH). Results have been separated into high and low tourist 
season estimates and low-, medium- and high-energy consumption categories using 
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median values from the range of audit results. The total kWh/month for the MSH far 
exceeds the SSH total because of the greater number of energy services provided by 
the MSH such as air conditioning, mini-refrigerators, and larger buildings with sig-
nificantly more lighting in hallways, staircases, lounges, and lobbies, which all con-
tribute to higher electricity consumption.

The two outliers in each figure (Pc and Mc) are the result of their higher electric-
ity consumption due to air conditioning. Specifically, Pcs offered air conditioning in 
more rooms than the other hostels. Mc’s high electricity use was due to the type of 
air conditioners used. The air conditioner units in Mc were rated at 3500 W in all the 
guest rooms that were assessed. This is a significantly higher power rating for new 
AC units than observed in other hotels and rated at 1100–1200 W. In examining the 
three major electricity consuming devices in Fig. 3.3, AC consumed 43%, ceiling 
lighting 41%, and refrigeration (including freezers) 16% of the total electricity con-
sumed by all six hotels combined.
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Fig. 3.2  Comparison of small-sized hotels energy use in high and low tourist seasons
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�Lighting

From the overall energy consumption audit of the six assessed hotels, ceiling 
lighting contributed 41% of the energy use per year. If all the light bulbs in the six 
hotels were replaced by light emitting diode (LED) bulbs, lower energy consump-
tion could be achieved. Only one of the six hotels has switched from compact 
fluorescent light (CFL) and incandescent to LED for communal areas. Table 3.1 
compares the three lighting types used in the hotels audited. The specifications 
for the light bulbs in Table 3.1 are based on retail prices and bulb types available 
in hardware stores in Puerto Ayora and Santa Cruz, and prices are in US Dollars.

The six hotels use less than 10% incandescent light bulbs. The transition from 
incandescent lights to CFL bulbs resulted from a previous best practices pro-
gram implemented by the World Wildlife Fund (WWF) and Ecuador’s Ministry 
of Tourism (WWF Program Galapagos 2013) to promote ecotourism on the 
Islands. A similar program could phase out CFL use, as LED bulbs use approxi-
mately 50% less energy. Given the current energy mix in the Galapagos is 
approximately 70% diesel, greenhouse gas (GHG) reduction and energy conser-
vation are important (Dove 2014).

�Potential LED Savings

Table 3.2 illustrates the range of savings possible if all six of the sample hotels tran-
sitioned to using LED light bulbs. The assumptions used in generating Table 3.2 
include the following: lights are on in hotel communal areas 4 h/day; lights are on 
in guest rooms 3  h/day; there is an emission factor of 0.96  kg CO2/kWh which 
would require 13 kg CO2/3-year to offset emissions; and energy mix is assumed 
constant for the lifetime of the LED bulbs.

As illustrated in Table 3.2, the potential savings per year of LED bulbs is signifi-
cant. A medium hotel could save an estimated US$400 to US$530 per year and a 
small hostel an estimated US$70 to US$130 per year with the payback period rang-
ing from 1 to 2 years.
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�Air Conditioning

Air conditioning (AC) was the highest energy-consuming device in the hotel audit 
using 43% of energy consumed. Most hotels in Galápagos do not have building 
designs that incorporate shading, thermal mass, or natural ventilation. Hot season 
temperatures can extend from January into July (Charles Darwin Foundation 2016). 
Audit results found that fans were not considered as a viable alternative to AC in 
hotels. AC units used are relatively new (2013) and have different function modes. 
However, interviews with the hotel managers suggest these energy saving features 
are not being used. The International Energy Agency (IEA) suggests (IEA 2013, 
p. 3): “In hot climates, the energy savings potential from reduced energy needs for 
cooling are estimated at between 10% and 40%. More than 40% of the savings 
expected in heating and cooling energy demand under a low carbon scenario can be 
directly attributable to improvements in the building envelope.”

To reduce electricity consumption rates and decrease tourist sector carbon foot-
prints, both hotel owners and tourists need to embrace an energy conservation atti-
tude. AC units need to be set at an appropriate level. In the Galápagos, AC can be 
preset in different modes during the year to work optimally in each season. There 
is also a fan function that can be used to reduces electricity consumption of AC units 
by 85%. Many international hotels encourage their customers to save water and 
energy through educational initiatives such as sustainability labeling, and this can 
be done in the Galapagos.

Table 3.2  Range of potential savings from LED light bulbs

Potential savings Combined total

Utility money saved per year (USD) 1056
Money saved on maintenance/year (USD) 610
Total money saved/year (USD) 1666
Diesel saved/year (L) 3749
CO2 emissions offset (ton/year) 7
CO2 emissions offset in lifetime (ton) 130
Trees required to offset the emissions 551

Table 3.1  Comparison of three types of hotel light bulbs

Per bulb LED CFL Incandescent

Power 8.5 W 20 W 40 W
Price $7~$10 $4–$6 $2~$4
Life-span 25,000–50,000 h 8000–10,000 h 1200–3000 h
Environmental impact – Contains mercury Creates more waste
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�Improving Sealing

The Energy Star program (2009) states the properly sealed rooms could save could 
save almost 20% in energy costs. Table 3.3 illustrates the potential energy savings from 
proper sealing of hotel windows and doors for the six hotels audited which could pro-
vide a potential saving of 19,962 kWh/y which is equivalent to US$1996 in savings.

The Rainforest Alliance (n.d.) has suggested that fan use represents only 15% of 
AC energy requirements. The increased use of fans instead of AC units could reduce 
hotel energy use as illustrated in Table 3.4, which indicates that fans could reduce 
AC energy consumption by 20% on an annual basis.

If these assumptions and numbers can be extrapolated to include all the hotels in 
the Galapagos, then the potential reduction in energy use could have a significant 
impact. Increasing the efficiency of energy use is an important component of a sus-
tainable energy mix transition in the Galapagos.

�The Water-Energy Nexus

Water and energy use are connected. Energy is required for the collection, treat-
ment, distribution, pumping, and heating of potable water. Energy consumption 
related to water use ranges from 4% to 19% of electricity consumption (Copeland 
2014). Energy use related to water use in the Galapagos has not been calculated but 

Table 3.3  Potential savings from proper sealing of windows and doors

Number of assessed ACs 73

Average of energy consumed by ACs in assessed hotels 
(kWh/y)

99,808

Energy saved by proper sealing 20%
Average of energy saved in ACs at assessed hotels (kWh/y) 19,962
Potential US$ saved 1996

Table 3.4  Reduced energy use from fans

Number of assessed ACs 73

Average of energy used for ACs in assessed hotels 
(kWh/y)

99,808

Energy reduced by using a fan instead of an AC 85%
Average of energy saved in ACs at assessed hotels 
(kWh/y)

16,967

Potential US$ saved 1,697
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is an overlooked aspect of energy management on the Islands. Increasing popula-
tion growth and land-based tourism has increased water use significantly and spe-
cifically in Santa Cruz. The municipal water supply in Santa Cruz is currently at 
capacity.

�Water Audit Results

The same six hotels involved in the energy audit process were also involved in a water 
use audit. The water audit included the following: bathroom faucets, showerheads, 
toilets, laundry facilities, kitchen facilities, outdoor landscape irrigation purposes, 
housekeeping and maintenance, pool, and spa facilities. Audit results identified the 
areas with the highest water saving potential. Strategies for water savings were pro-
vided to each hotel, and a small report and discussion held with hotel staff on imple-
menting the strategies for water savings, which can increase the energy efficiency of 
hotel operations. Water-saving opportunities and estimated savings are projected in 
Table  3.5. It should be noted that water consumption in guest bathrooms is very 
dependent on the occupancy rate and the water consumption behavior of guests. For 
the purposes of Table 3.5, high season is assumed to be from December to July at 65% 
occupancy, and low season is assumed to be from August to November at 35% occu-
pancy. The towel and linen reuse assumes 10% reuse by guests. Water consumption in 
guest bathrooms is very dependent on the occupancy rate and the water consumption 
behavior of guests. As illustrated in Table 3.5, the potential water savings in small 
hotels translates into approximately the volume of one to two domestic swimming 
pools. Water saving in medium hotels translates to roughly the volume of three to 
seven domestic swimming pools.

Table 3.5  Water-saving opportunities

Low-cost 
water-saving 
actions

High 
efficiency 
faucet 
aerators

Low-flow 
showerheads

Repairing 
leaking 
toilets

Towel and 
linen reuse 
program

Total estimated 
water-saving 
opportunities

Approximate 
cost across hotel 
(US$)

5–10 per 
faucet

15–75 per 
shower

50–125 per 
toilet

Cost of 
printing 
signage

Annual water 
savings in a 
small hotel 
(liters)

4,700–
12,000

34,000–
64,000

7,000–
14,000

5,400–
7,300

51,000–97,000

Annual water 
savings in a 
medium hotel 
(liters)

25,000–
145,000

48,000–
96,000

100,000–
200,000

23,000–
32,000

196,000–
473,000
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�Desalination Water Treatment Plant

In 2016, a reverse osmosis desalination plant became operational on the Galapagos 
Island of Santa Cruz. The desalination plant produces safe water low in chloride 
content that is distributed throughout the Island. However, a desalinization plant has 
significant costs and energy demands (Reyes et al. 2015). The demand for desalini-
zation plant water is highest for residential and hotel use (Reyes et al. 2015). The 
desalination process requires significantly more energy than other water treatment 
methods. The process generally requires three steps: (1) the pretreatment of the 
reverse osmosis membranes, (2) the reverse osmosis process, and (3) the posttreat-
ment of the permeable membrane. The highest energy consumption is usually in the 
reverse osmosis step (WRA 2011).

�Increasing Efficiency for the Energy-Water Nexus

Behavioral change is key to lowering energy and water consumption. Creating 
greater awareness about the importance of energy efficiency and the water-energy 
nexus for sustainable energy mix in fragile environments is important in dealing 
with population growth and increasing tourism pressure in the Galapagos. Table 3.6 
identifies specific actions to improve performance. Each hotel audited was provided 
with specific recommendations customized to their performance and needs.

Table 3.6  Specific actions to improve energy and energy-water nexus efficiency

•   General suggestions •   Train employees to conserve energy and water
•   Induce behavioral changes in the tourists
•   �Informative and accurate signage for “save energy and 

water”
•   Automatic key cards, external switches

•   Air conditioning •   Clean filters
•   Proper insulation
•   Promote use of fan feature in ACs

•   Refrigeration •   Proper sealing on door
•   Located in cool place, distance from the wall
•   Discourage empty refrigerators

•   Lighting •   Encourage use of LED bulbs
•   Use of clean bulbs
•   Use of reflectors, open lamps to improve illumination
•   Use of external lights

•   Water conservation Install low-flow toilets and showerheads
Repair leaking toilets
Install aerators in faucets
Utilize a towel and linen reuse program

3  Climate Change Policy as a Catalyst for Sustainable Energy Practice: Examples…
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�Lessons Learned

The results of the energy and water audits from this small sample of hotels in the 
Galapagos Islands suggest that low-cost efficiency upgrades and minor mainte-
nance of devices could improve energy efficiency and in the process save energy 
and money. Energy efficiency is necessary for the Galapagos Islands to transition to 
a sustainable energy mix. Energy efficiency that reduces energy demand makes this 
transition more feasible. There are numerous energy efficiency opportunities in the 
areas of AC, refrigeration, and lighting which can contribute to cumulative energy 
savings for Galapagos. Creating shared value among institutions, businesses, and 
consumers is pivotal to implementing these measures. Audit results suggest there is 
a lack of knowledge and tools available to businesses for implementing efficiency 
measures. Opportunities exist for educational initiatives to fill this gap. Additional 
initiatives can be directed at influencing tourist behavior. Together these initiatives 
have the potential to advance sustainable energy use.

Acknowledgements  Information specific to energy and water audits described in this case was 
generously provided by Alonso Alegre, Connor Bedard, Kasondra Harbottle and Namrata Sheth 
who conducted the audit project as participants in the Galapagos internship summer program of the 
Master of Science in Sustainable Energy Development degree program, University of Calgary, 
Calgary, AB, Canada

�Conclusions

Both the solar energy project case and the energy efficiency audit project demon-
strate a variety of lessons learned and critical factors influencing sustainable energy 
mix development. Both the production of new renewable energy generating capac-
ity and improving the efficiency of existing energy use are components of develop-
ing sustainable energy mix options in specific circumstances. While technological 
innovation plays a key role in developing sustainable energy, both of the cases 
reviewed here illustrate the importance of policy innovation and social learning 
through engagement and behavior change as having an equally key role in sustain-
able energy mix development.
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Chapter 4
Biofuels in the Energy Mix of the Galapagos 
Islands

Irene M. Herremans and Arturo Mariño Echegaray

�Introduction

The most popular method of transportation for visiting the Galapagos Islands is still 
via cruise ship. However, island tourism is moving inland. As many cruise ships are 
not locally owned (Quiroga 2014) or make few stops in the populated areas, inland 
tourism creates new economic and social benefits for the inhabited islands of Santa 
Cruz, San Cristobal, Isabella, Floreana and Baltra. According to 2015 census results, 
a total of 25,244 people inhabit the Galapagos Islands. Santa Cruz Island had 15,701 
inhabitants or approximately 62% of the Galapagos population. San Cristobal and 
Isabela had 29% and 9%, respectively. The average annual growth rate for the 
Galapagos Islands for the 5 years of 2010–2015 was 1.8% (Instituto Nacional de 
Estadística y Censos – Gobierno Nacional de la Repùblica del Ecuador 2015).

Although there are economic and social benefits associated with land-based tour-
ism, the potential also exists for environmental impacts and cumulative effects. 
Expanding inland tourism is likely to increase the need for transportation related to 
transport for tourists and related goods and services. Fuel and electricity demands 
are likely to increase with increasing development of land-based tourism related to 
increasing land-based transportation as well as for boats for island excursions and 
related recreation including scuba diving and snorkelling. Historically, electrical 
power in the Galapagos has been provided by generators using diesel fuel shipped 
from the mainland. To meet increasing electrical demand from the development of 
new land-based tourism, additional fuel for diesel power generators will need to be 
transported from the mainland in order to keep both tourists and local residents 
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comfortable with air conditioning, lights, water and appliances. However, the 
increased shipping of diesel fuel brings with it greater potential for risk to the marine 
environment. Tanker accidents and spills have previously occurred in the Galapagos 
with negative effects on the quality of the protected marine environment. For exam-
ple, in 2001, the tanker Jessica ran aground in the bay of Puerto Baquerizo Moreno 
off the island of San Cristobal. The tanker was carrying 160,000 gallons of diesel 
fuel for delivery to Baltra Island and 80,000 gallons of bunker fuel for the tourist 
boat Galapagos Explorer. Due to favourable wind conditions at the time of the spill, 
the oil slick dispersed widely and away from land. However, subsequent research 
showed the death rate of marine iguanas increased due to the spill’s effects on their 
ocean food supply (Lougheed et al. 2002). Meeting the annual needs of an estimated 
200,000 land-based tourists in addition to local residents will not be without 
increased risk of marine spills. The marine and land spill risk is particularly serious 
because the World Heritage designation given to the Galapagos Islands in 2007 is a 
primary driver for tourism.

�Sustainable Energy Mix Development

Ecuador’s policy of “Zero Fossil Fuels on the Galapagos Islands” (Ministerio de 
Electricidad y Energía Renovable Sub-Secretaría de Energía Renovable y Eficiencia 
Energética 2016) provides a framework for exploring alternative energy mix options 
to meet growing energy needs associated with land-based tourism, local economic 
development and local population growth while managing the marine and terrestrial 
ecological integrity of the Islands as a World Heritage site. The original timeframe 
for policy implementation and shifting energy mix targets to renewable energy 
sources was 2020. Potential sources for creating a zero fossil fuels energy mix 
include wind, solar, biofuels and possibly marine energy. However, any selected 
source will have to demonstrate there is no risk to critical species and critical marine 
and terrestrial habitats. In a World Heritage Site characterized by fragile marine and 
terrestrial environments, integrating the economic, social, and environmental 
dimensions of sustainable energy is critical to support the entire socioecological 
system of the Galapagos Islands.

Wind and solar are commonly known renewable energy sources. But, there is 
also potential for plant-based biofuels to serve as an alternative to diesel and bunker 
fuel. This plant-based alternative has the potential to lower the impact of spills in 
both marine- and land-based environments. As illustrated in Fig.  4.1, the 2012 
energy mix in the Galapagos included 77.72% diesel (fossil fuel), 20.82% wind, 
1.20% biofuel and 0.27% photovoltaic energy sources. However, Ecuador’s 2017 
policy target for a sustainable energy mix by 2020 identified a shift to 48.90% bio-
fuel, 43.73% wind and 7.38% photovoltaic sources with no fossil fuel contribution 
(MEER 2012, p. 6).

Ecuador’s policy to achieve 100% renewable energy use in the Galapagos by 
2020 is one of the most ambitious renewable energy development initiatives in the 
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world (Gruber 2014). To date, finding an appropriate energy mix for the Galapagos 
Islands has involved establishing resource and expertise partnerships among 
Ecuador’s government ministries and international organizations to explore the use 
of biofuels and develop pilot projects for testing. Specifically, from 2008 to 2011 
Ecuador’s Ministry of Electricity and Renewable Energy (MEER) and Ministry of 
Agriculture (MAGAP) worked with Germany’s development agency Deutsche 
Gesellschaft für Internationale Zusammenarbeit (GIZ) on biofuel projects. The use 
of renewable energy is economically and technically feasible in the Galapagos. But, 
sustainable energy mix development requires capacity building through technical 
training for local people for project installation and on-going operations. The GIZ 
sponsored biofuels project on Floreana Island involved a permanent population of 
approximately 200 residents. The Floreana pilot study tested the use of biofuel from 
Jatropha for thermal electricity generation. The Ecuadorian province of Manabi 
provided the feedstock because of its plentiful supply of Jatropha curcas and need 
for rural economic development. Approximately 700 small farm families were 
involved in Jatropha collection for floreana. Through an agreement between MEER, 
Inter-American Institute for Cooperation on Agriculture (IICA), and GIZ, an extrac-
tor was provided to extract oil from Jatropha. Two rural cooperatives (COOPIÑOM 
and COOPROCERMA) were engaged as the operators of the Compac Tropha Oil 
Mill and transported the oil to Floreana Island. The international Climate Initiative 
Report – power generation using Jatropha oil on the Galapagos Islands published in 
January 2016 – shows that the Jatropha harvest expanded from 137 tonnes in 2011 
to 213 tonnes in 2012, and Jatropha oil yields from 36,000 L (2011) to 50,000 L 
(2012) (Federal Ministry for the Environment, Nature Conservation, Building and 
Nuclear Safety, International Climate Initiative 2016).

The Instituto Nacional Autónomo de Investigaciones Agropecuarias (INIAP) 
provided support in selecting the plants with the best characteristics for oil produc-
tion. Approximately 3000 families in Manabi benefitted production from oil. German 
experts worked with local people to improve the quality of the oil produced to meet 
German quality standard DIN-51605 (2016–01) (Strauss et al. 2011). Subsequently, 

Fig. 4.1  Galapagos energy mix transition 2012–2020. Source: Adapted from Ministry of 
Electricity and Renewable Energy (MEER) (2012)
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an International Climate Initiative Report (Renewable Energy Resources for the 
Galapagos Islands) was published in September 2015 on the project’s initial stages 
(Federal Ministry for the Environment, Nature Conservation, Building and Nuclear 
Safety, International Climate Initiative 2015). The report suggested replacing fossil 
fuels in power generators with biofuels and coordination of hybrid systems of 
Jatropha oil-operated generators as back-up systems for primary solar and wind 
powered energy production. Two electric generators using biofuel from Jatropha 
were installed on Floreana and a local company, Empresa Elèctrica 
(ELECGALAPAGOS), took over continuing operation of the generators.

The Instituto Interamericano de Cooperación para la Agricultura (IICA 2013) 
considers the Manabí Jatropha oil project an example of sustainable energy develop-
ment. The project avoided the food versus fuel conflict because no agricultural land, 
or rainforest, or irrigation, or chemicals were used, and gender, social, and property 
rights were respected. For example, the two cooperatives involved (COOPIÑOM and 
COOPROCERMA) are working to earn the Roundtable for Sustainable Biomaterials 
(RSB) certification (RSB 2012), approved by the European Commission under the 
European Renewable Energy Directive. To receive this certification, all agricultural 
steps in the value chain such as “nut preparation, planting, hedge trimming and main-
tenance, harvest, storage and transport” must meet sustainable biomaterial produc-
tion standards (IICA 2013). RSB certification will help make Manabi produced 
Jatropha oil more competitive on the world market and increase its market value.

�Jatropha Oil Production

Jatropha curcas is a drought tolerant native Ecuadorian plant that can produce bio-
diesel. These native Jatropha plants can live to 50 years and grow up to a metre 
annually. Jatropha can grow in marginal soil conditions and in good soil conditions, 
yields can be as high as 12 tons per hectare (Carvajal 2012). Jatropha is not consid-
ered an invasive species in the Galapagos Islands and is not a threat to food security 
as the fruit is not edible (Carvajal 2012). The transformation of Jatropha into oil for 
biodiesel feedstock includes processing and packaging the oil, transporting the oil, 
and using the oil in biodiesel-compatible generators (MEER 2012). The production 
of Jatropha biodiesel is a chemical process. Oil molecules (triglycerides) are discon-
nected and reconnected to methanol molecules to form a methyl ester oil. Alkali is 
needed to catalyse this reaction, and glycerol is formed as a side product (FAO 
2010). According to Food and Agriculture Organization of the United Nations (FAO 
2010, p.  46), Jatropha oil has different chemical properties than diesel fuel and 
burns at a different temperature. Consequently, all generators and engines have to be 
reconfigured to use Jatropha oil.

Crude Jatropha oil has several beneficial characteristics. Specifically, it stores 
well because it is fairly thick and low in free fatty acids. Unsaturated fatty acids with 
a high iodine value give it the capacity to remain liquefied at colder temperatures. It 
also ignites easily because sulphur content is low and, as such, emits lower levels of 
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sulphur dioxide (S02) when combusted as a fuel. However, on the negative side, the 
oil’s high level of unsaturated oleic and linoleic acids makes it susceptible to 
oxidation when stored (FAO 2010, p. 45). Table 4.1 provides a comparison of the 
physical properties of Jatropha oil and diesel oil.

�Floreana Pilot Project Results

Following the initial 2008–2011 development phase, the project expanded to 
provide Floreana with 100 percent renewable energy. Since February 2011, a 
hybrid solar and biofuel system has been providing 69 kW (kWel) of electrical 
power. This has successfully provided renewable energy for both inhabitants and 
tourists on Floreana Island (ENERGAL 2014). A second project has been estab-
lished on Isabella Island, which has the second lowest resident population in the 
Galapagos.

Ecuador’s Jatropha harvest increased fivefold from the initial 2009 and 2011 pro-
duction stage to 2013 in order to meet biofuel demand on Floreana and the genera-
tors on Isabella Island. In 2012, a new Jatropha oil press was provided in Portoviejo 
to allow production increases. Jatropha harvest expanded from 137 tonnes in 2011 to 
213 tonnes in 2012. Jatropha oil yields increased from 36,000 litres in 2011 to 
50,000 L in 2012 (GIZ 2016). In addition, approximately 1200 more local families 
have benefited from income related to Jatropha production (GIZ 2016).

�Future Opportunities for Biofuel Use

It is difficult to get a sense of the role of biomass in world energy mix. Based 
on energy sold through formalized markets, the US Energy Information 
Administration’s (EIA) International Energy Statistics database suggests the average 
annual percentage of change in world energy consumption of biofuels from 2012 
to 2020 and the use of renewable energy sources has doubled, as illustrated in 
Fig. 4.2.

Table 4.1  Comparison of the characteristics of fossil diesel to pure Jatropha oil

Diesel oil Oil of Jatropha curcas seeds

Density Kg/l (15/40 °C) 0.84–0.85 0.91–0.92
Cold solidifying point (°C) −14 2.0
Flash point (°C) 80 110–240
Cetane number 47.8 51.0
Sulphur (%) 1.0–1.2 0.13

Source: Adapted from  – Properties of Jatropha Oil. Food and Agriculture Organization of the 
United Nations – FAO (2010, p. 45)
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Liquid biofuels represent 0.8% of the total energy consumption of Ecuador. This 
compares well with the Renewable Energy Market Analysis: Latin America  - 
International Renewable Energy Agency (IRENA 2016) estimates that liquid 
biofuels represents just 0.2% of the total primary energy supply in total renewables. 
Although Jatropha production is relatively insignificant in the context of world 
energy production and consumption, biofuels and biomass energy sources contrib-
ute approximately 72% of residential and commercial consumption in the South 
American Andean States of Bolivia, Colombia, Ecuador, Peru, and Venezuela 
(IRENA 2016, p. 54). In fragile environments, such as the Galapagos, biofuel from 
Jatropha has the potential for greater use in a sustainable energy mix. The govern-
ment of Ecuador’s Zero Fossil-Fuel Initiative is ambitious, but progress is slowly 
being made. Both Floreana and Isabela Islands are operating generators running on 
Jatropha oil together with photovoltaics and wind energy generation. The impor-
tance of the Galapagos Islands World Heritage designation means that the care and 
protection of marine and terrestrial environments is critical to the future of the 
Islands and achieving sustainable energy mix solutions are a critical part of this 
protection.

�Next Steps

According to Carvajal (2012), if electricity from diesel generators is replaced with 
solar, wind, and biofuels, the next step is the gradual conversion of diesel engines to 
biofuel engines. There is potential for Jatropha oil biodiesel to eliminate a large 

Fig. 4.2  Biofuels and biomass comparison to total renewable energy. Source: Adapted from US 
Energy Information Administration (2016b). Section 10: Renewable Energy. Monthly Energy 
Review (MER), December 2016, pp. 149–165
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portion of the diesel oil used within the borders of Ecuador, and specifically the 
amount shipped across 1000 km of ocean to the Galapagos Islands. A critical ques-
tion with respect to the increased future use of Jatropha oil in the Galapagos as an 
alternative to marine diesel is the risk of spills. Both fishing and tourist boat engines 
can also be converted to the use biofuels. The research literature specific to biodiesel 
fuel spills in fragile land and marine environments suggests there is generally less 
risk with respect to biofuel biodegradable properties. This is important given the 
marine and terrestrial habitats and species of the Galapagos Islands.

While the “Galapagos Islands Zero Fossil-Fuel Initiative” is an important step in 
supporting the development of a sustainable energy mix in the Galapagos, there is 
growing energy demand for land-based tourism and Ecuadorian migration. 
Sustainable energy mix solutions are critical for the future of the Islands. But, new 
policies and further research, together with social, economic, and environmental 
action are all needed to address the effects of increased growth pressures on the 
Islands’ natural and social capital.

Acknowledgements  Carlos Alberto Jácome, Regional Energy Specialist. International 
Development Bank.
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Chapter 5
Policies and Laws and Island Environments

Allan Ingelson and Christopher Phillip

�Introduction

During the last decade, the generation of electricity from renewable energy (RE) 
resources has increased significantly in countries around the world. Government 
policies and laws can play an important role in facilitating the development of RE 
resources. As an extension of discussions at the 2014 World Energy Summit in the 
Galapagos Islands about the obstacles to renewable energy on remote islands, in 
this chapter, we consider examples of RE technologies that have been success-
fully deployed on islands in different regions of the world to generate electricity. 
Then we will examine the obstacles to using RE to produce electricity and the gov-
ernment policies and laws that have been used to promote RE development. In some 
countries governments have employed a combination of different programs and 
incentives to facilitate electricity production from RE.

Geothermal and wind provide examples of two RE resources that have a proven 
track record of electricity production on islands. Recently solar energy is emerging 
as increasingly important RE source for island environments. As has been the case 
with other types of energy, the potential for developing RE on islands depends upon 
the availability and cost of competing sources of energy such as fossil fuels and the 
availability and intensity of the specific RE resource itself such as wind. Historically 
in countries without domestic fossil fuel reserves, where RE resources are available, 
governments such as Japan have created policies and adopted laws to promote RE 
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development and provide national energy security. Today in response to the antici-
pated effects of climate change, the United Nations and more governments are 
assisting with facilitating RE development. With regard to much smaller islands, in 
light of climate change, the United Nations Education, Scientific, and Cultural 
Organization (UNESCO) International Hydrological Programme initiated a ground-
water resources assessment program in 2004, to increase our understanding of the 
effects of climate change on global groundwater resources and promote more sus-
tainable groundwater management to protect groundwater.1 UNESCO has identified 
a group of 52 developing countries on islands in the Pacific Ocean, Indian Ocean, 
South China Sea, Caribbean, and Africa that collectively have a population of 63.2 
million residents and a gross domestic product of US $575.3 billion.2 Economic 
challenges faced by governments of the Small Island Developing States include 
high energy, infrastructure, and transportation costs that are an important consider-
ation when evaluating the economic viability of developing RE projects.3 The avail-
ability of financing for RE projects either from national governments or through 
international assistance is an important factor in the level of RE development.

An important consideration is the variability in the generating capacity of some 
RE technologies such as solar and wind development and the availability of alter-
nate energy sources that can be brought online to maintain a reliable electricity 
supply for customers at night or when there is a reduction in wind velocity. Unlike 
RE resources with a variable energy output, geothermal energy has the advantage of 
providing consistent baseload electricity generating capacity which in part explains 
the more extensive development of geothermal energy on some islands where the 
geothermal resource is available than solar or wind.

The size of the island and the associated population where there is RE production 
vary significantly, and this can influence the electricity demand and the size of the 
energy market required to meet consumer needs. At one end of the scale, there are 
small islands where a few 100 people reside and at the other end of the scale island 
continents such as Japan, the United Kingdom (UK), New Zealand, and Australia 
host millions of residents that create much larger markets for electricity. The UK 
provides an example of an industrialized nation comprised of large islands with a 
substantial population that has made offshore renewable wind development a cen-
tral focus of its policy and laws to reduce its dependence on coal and the associated 
carbon emissions and achieve its ambitious climate change targets.4

1 UNESCO/Division of Water Sciences, “GRAPHIC Groundwater and Climate Change, Small 
Island Developing States (SIDS),” SC-2015/WC/29, at 1, ihp@unesco.org  – www.unesco.org/
water/ihp.
2 United Nations. International year of Small Island Developing States – 2014, at http://www.un.
org/en/events/islands2014/index.shtml#&panel1-1>.
3 Supra, note 2, p. 3.
4 Glen Plant, Offshore Renewable Energy Development in the British Islands – Part 1, 2 RELP 
(2013) 120–142.
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�Solar Energy: South Pacific Islands

Solar energy appears to be a more environmentally benign RE technology than geo-
thermal and wind. Notwithstanding the substantial cost of diesel generation, the 
majority of small island nations in the world still rely heavily on fossil fuels. However, 
in light of technological innovation in solar energy in recent years and a substantial 
reduction in the cost of solar photovoltaic (PV) systems in the last decade, during the 
last couple of years, there have been several small islands in the South Pacific on 
which solar systems have been installed with international financial assistance in the 
form of loans and grants. Prior to 2012, the residents in Tokelau Island in the South 
Pacific relied on three diesel power stations for their electricity needs.5 With financial 
assistance from the government of New Zealand, today, three solar PV systems sup-
ply 100% of the electricity demand on the island atolls, replacing electricity gener-
ated by diesel power plants. Kiribati in the South Pacific provides another recent 
example of solar energy development on small remote islands where 2000 residential 
units and 100 community solar systems have been installed in villages on 18 islands 
as a result of funding from Japan and the European Union.6 In addition to securing 
financing for solar RE projects on remote islands, one additional challenge on islands 
subject to hurricanes is the damage to rooftops and solar PV panels from strong 
winds. The potential for hurricane damage should be an important planning consid-
eration for the placement of panels to minimize damage in hurricane prone areas.7 As 
water is a critical resource on numerous remote islands and limited nonsaline water 
resources on numerous remote islands, the energy water nexus should be an impor-
tant consideration when planning for solar energy projects on remote islands. As 
water is required to clean the solar panels for optimal electricity generation, water 
usage is a consideration for solar projects on islands with limited water supplies. In 
addition to electricity generation, solar energy has been used for many years in solar 
hot water systems, a second benefit from developing this RE resource.

Residents of the isolated Hawaiian Islands face significantly higher residential 
electricity rates than states on the US mainland. One issue that has arisen in the 
isolated island state of Hawaii is the opposition from the state electricity utility to 
increasing the number of rooftop solar installations in light of the potential decrease 
in the number of utility ratepayers contributing to the costs of maintaining the elec-
tricity grid. In 2015, the regulator called the Hawaii Public Utilities Commission 
(PUC) filed a ruling to make it more attractive for island homeowners to install 
rooftop solar systems to generate electricity.8 The PUC has recommended a “self-
supply tariff” (SST) and a “grid-supply tariff” (GST) to future rooftop solar 
electricity installations. The SST will facilitate an expedited review of rooftop solar 

5 Rocky Mountain Institute, www.cleantechnica.com.../an-island-tokelau-powered100.
6 www.worldviewofglobalwarming.org/pages/solarinkiribati.ph.
7 www.caymannewresident.com/solar.
8 Travis Holum, “Hawaii May Have Just Given Energy Storage a Huge Boost,” October 22, 2015, 
at http://fool.com/investing/general/2015/10/22/hawaii-may-have-just-given-energy-stor.
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installations, and the GST will allow those residents generating their own electricity 
from rooftop solar to avoid paying higher retail electricity rates paid by those people 
without rooftop solar. In addition all homeowners will pay $25 US per month as 
compensation to the utility for providing grid infrastructure.9 Hawaii provides one 
recent example of how changes in an energy regulatory system can promote 
increased development of rooftop solar production.

�Geothermal Energy: Iceland, Indonesia

Geothermal energy is one of the RE resources that has been developed on numerous 
islands for several decades. Favorable island geology which includes volcanic rocks 
is an important factor in determining whether economic development of the geo-
thermal resource is viable. More than four decades ago, the lack of domestic fossil 
fuels on the remote island of Iceland combined with the favorable geology prompted 
the government to develop geothermal energy for electricity production and space 
heating. By 2015, approximately 665  MW of geothermal electricity generation 
capacity was installed in Iceland, representing 30% of the country’s electricity gen-
eration (Bertani 2015). The Philippines is now the second-largest geothermal elec-
tricity producer in the world with an installed capacity of 1.96 GW.10 In the Hawaiian 
Islands, the installed geothermal capacity is 38 MWe.11 Geothermal supplies 25% of 
the electricity consumed on the Big Island of Hawaii.12 Other remote islands that 
have developed geothermal energy include the Azores off the Portuguese mainland 
where geothermal energy supplies 42% of the electricity consumed on Terceira 
Island and more than 22% of the total electricity demand on the remaining islands 
in the archipelago.13 Fifteen percent of the electricity generated in Costa Rica is 
from geothermal energy.14 On the island of Guadeloupe, France, 16 MWe of installed 
capacity from geothermal has been developed that provides up to 20% of the total 
electricity supply for the island.15 In Russia, along the Kamchatka Peninsula and on 
the Kuril Islands, there is 82 MWe of installed capacity from the geothermal 
resource.16 Geothermal energy in New Zealand supplies 13% of the electricity needs 
of the island nation.17

In addition to electricity generation, geothermal energy in Iceland provides 90% of 
household space heating requirements (Orkustofnun n.d.-a). The Icelandic geothermal 

9 Ibid.
10 www.geothermal-energy.org/electricity-generation/philippines.html.
11 www.geothermal-energy.org/electricity-generation/usa.html.
12 Ibid.
13 www.geothermal-energy.org/electricity-generation/portugal_the_azores.html.
14 www.geothermal-energy.org/electricity-generation/costa-rica.html.
15 www.geothermal-energy.org/electricity-generation/france-guadeloupe.html.
16 www.geothermal-energy.org/electricity-generation/russia-kamchatka.html.
17 www.nzgeothermal.org.nz/elec_geo.html.
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experience has also revealed that there are multiple other beneficial uses of geothermal 
resources that have increased the economic benefits associated with geothermal energy 
development. Substantial revenue has been collected from tourists visiting the Blue 
Lagoon hot springs spa, aquaculture, and cosmetics activities.

The Icelandic geothermal development experience has revealed that the subsur-
face geothermal water needs to be reinjected to provide for sustainable energy 
production. If the energy withdrawal rate exceeds, the rate at which the energy from 
the Earth’s core reaches the subsurface reservoir through conduction, then geother-
mal resource output (and energy efficiency) will gradually decline. Alternatively, 
when steam or water is directly withdrawn from a geothermal energy reservoir and 
not reinjected or replenished, output will decline over time.

To attract investment in geothermal energy development, certainty in the legal 
framework surrounding geothermal rights is required to provide prospective geo-
thermal developers with sufficient incentive to make the significant capital invest-
ment in a geothermal power plant. In Iceland one key factor that has contributed to 
the success of geothermal development on the remote island is a supportive govern-
ment policy and an associated legal framework that assigns geothermal energy own-
ership rights to surface land owners in the same manner that subsurface mineral 
rights are allocated to minimize disputes that could delay and frustrate geothermal 
development. The Act on Survey and Utilization of Ground Resources (Law No. 
57/1998) covers any Icelandic “resource” found in the ground, at the bottom of riv-
ers and lakes, or at the bottom of the sea within netting limits. A “resource” is 
defined in the act as “any element, compound and energy that can be extracted from 
the earth, whether in solid, liquid, or gaseous form, regardless of the temperature at 
which they may be found.” While the ownership of geothermal resources is based 
on the ownership of land, the utilization of geothermal resources is subject to a 
license from the energy regulator Orkustofnun, a government agency whose pri-
mary responsibility is advising the Icelandic government on energy matters 
(Orkustofnun n.d.-b). Therefore, while a landowner may also have ownership over 
a geothermal resource beneath their land, that person does not have the right to 
develop geothermal energy for electricity production without securing an utilization 
license from the Orkustofnun. One important advantage of Iceland’s regulatory 
framework is that it allows landowners to benefit from commercial development of 
the geothermal resource discovered beneath their land, although ultimate jurisdic-
tion over geothermal development is granted to the Orkustofnun such that utiliza-
tion licenses can be awarded in a manner that does not deplete the underlying 
geothermal resource. Iceland provides an example of how the adoption of a legal 
framework that provides resource development certainty to developers and benefits 
to proximal stakeholders has facilitated this type of RE resource rather than provid-
ing subsidies. The stimulus for RE development is providing a clear legal definition 
of geothermal rights and designating ownership rights in situations where there is 
the potential for resource ownership dispute.

Indonesia consists of an archipelago of more than 17,500 islands situated along 
the Pacific Rim of the volcanically active “Ring of Fire,” over 40,000 km of active 
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subsea volcanoes and ocean trenches that wraps around the major land masses on 
either side of the Pacific Ocean. Based on its geology, Indonesia has significant 
potential for increased geothermal development as the country is estimated to host 
more than 40% of the world’s potential geothermal resources. As with the 
Government of Iceland, the central Indonesian government is keen to promote 
development of its geothermal resources in light of the rapidly increasing electricity 
demand from both consumer and industry groups. In 2003, Indonesia adopted its 
first Geothermal Law (Law No. 27/2003), which formalized the regulatory regime 
for what had been a patchwork of geothermal development laws in the country. A 
periodic call for tenders for surveyed geothermal fields was issued by the central 
government to prospective geothermal developers (IRENA 2015i). The RE devel-
opers were then to compete in a closed-bid auction for geothermal business permits 
(IUPs) that would grant the right to exploit the subsurface geothermal resource in a 
given area. Developers successful in securing an IUP would still be responsible for 
negotiating surface access for development. In 2004, the Ministry of Energy and 
Mineral Resources (MEMR) issued its “Blueprint for Geothermal Development in 
Indonesia” that includes a stated goal of 6000 MW of geothermal capacity by 2020. 
In 2005, the Directorate of Geothermal Energy (formerly the Directorate of 
Geothermal Enterprise Supervision and Groundwater Management) was created 
and made responsible for overseeing research on Indonesia’s geothermal energy 
resource potential and future development. In 2012, the MEMR initiated a feed-in 
tariff (FIT) program18 for geothermal energy to provide economic incentives for 
additional geothermal electricity development. Operational geothermal plant facili-
ties were forced to sell their electricity to local utilities at the spot price market 
price. More than 1335 MW of geothermal generation capacity has been installed in 
Indonesia by the end of 2012 (Meier et al. 2015).

Despite the FIT program was aimed at promoting geothermal energy develop-
ment, and $200 million in guaranteed loans was provided by the Ministry of Finance 
to assist geothermal electricity developers due to the substantial upfront capital 
costs to construct a geothermal generating plant, by 2013 geothermal development 
in Indonesia had largely stalled (Meier et al. 2015). In an attempt to revive geother-
mal electricity development, the Indonesian government announced amendments to 
its geothermal legislation in a new Geothermal Law (Law No. 21/2014), that 
replaced the old Geothermal Law (Law No. 27/2003) (IRENA 2015j). The new law 
eases the regulatory burden on prospective geothermal developers in number of 
ways (Sastrawijaya et al. 2014). Under the 2003 Geothermal Law, no distinction 
was drawn between direct (heating purposes) and indirect (electricity generation) 
utilization of geothermal energy – an IUP could be issued for either type of develop-
ment by either one of the MEMR, regional governor, or a local mayor depending on 
where the geothermal working area was located. Under the 2014 Geothermal Law, 
the IUP scheme was divided into direct utilization licenses for direct geothermal 

18 An ongoing offer to energy developers that provides a connection to the transmission grid, costs 
borne by utilities, and a premium price for the electricity generated from the geothermal project; 
there will be more discussion of FIT programs later in the chapter.
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development and geothermal licenses for indirect geothermal developments. 
Regional governors and local mayors would still be allowed to issue direct utiliza-
tion licenses; however, geothermal licenses for electricity generating stations can 
now only be obtained from the MEMR. This was done in an effort to centralize the 
tender process, as well as (presumably) to reduce the opportunity for regional gov-
ernment officials to demand a bribe in a country with a reported corruption prob-
lem  – currently ranked 107 out of 174 countries in Transparency International’s 
2014 Index (Transparency International 2015). Under the new Geothermal Law, 
regional governments are now entitled to a set a “production bonus” as recompense 
for geothermal facilities in their jurisdiction, which again (presumably) limits bribes 
or kickbacks local officials may request from geothermal energy developers.

One of the more controversial elements of the most recent Geothermal Law 
adopted in Indonesia is an exception that provides geothermal activities will no 
longer be considered to be “mining activities,” which under Indonesian forestry law 
are prohibited in conservation forest areas (Sastrawijaya et al. 2014). This effec-
tively opens up extensive tracts of Indonesia for new geothermal development at the 
risk of damaging the few pristine forest regions Indonesia that remain in. The coun-
try provides an example of a jurisdiction in which seemingly common goals of the 
environmental movement are at odds – environmental protection of pristine forest 
regions versus geothermal energy development with the potential to offset signifi-
cant amounts of GHG emissions from a predominantly coal-powered grid. It will be 
interesting to see if a balance between these two goals can be struck as geothermal 
energy development continues in coming years. Another environmental challenge 
that has arisen from geothermal electricity development in the island nation of the 
Philippines is the potential for water contamination. Depending upon the geology of 
the specific area and chemistry of the rocks where geothermal wells are drilled, 
steam and fluids that are released may contain metals such as arsenic. At some sites 
this is an important environmental and health and safety risk that needs to be care-
fully investigated and managed if geothermal energy development proceeds.

�Wind: Samso Island, Denmark and Ramea, and Prince 
Edward and Haida Gwaii Islands, Canada

Samso Island provides one example of successful wind and biomass energy devel-
opment. The island that is located 15 km off the Jutland Peninsula has a total area of 
114  km2 and approximately 3800 full-time inhabitants (Visit Samso 2015). 
Historically the residents encountered an unreliable electricity supply and higher 
energy costs than on the mainland, problems that are similar to those encountered 
on other remote islands. Historically there was the lack of a transmission connection 
to a central power grid and dependence on imported fossil fuels such as diesel for 
both transportation and electricity generation. In an attempt to solve these problems, 
Samso, the energy developer, bid in a Danish government contest to become 
“Denmark’s Renewable Energy Island” in 1997 (Saastamoinen 2009a, b). In 
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winning the contest, Samso gained access to a variety of government subsidies and 
began collaboration with a host of renewable energy industry players and energy 
consultants to redevelop the island’s RE systems. The initiative focused on develop-
ing a 100% renewable energy-powered pilot island within 10 years that could dem-
onstrate energy self-sufficiency and serves as a model for other island environments 
elsewhere. The plan focused on reducing energy consumption and increasing energy 
efficiency, expansion of a district heating supply system, and both on and offshore 
wind turbines to generate electricity. In 2005, Samso achieved its energy goal 
2 years ahead of its original timeline.

Samso Island today has eleven 1 MW onshore wind turbines, ten 2.3 MW off-
shore wind turbines, three straw-powered heating plants, and one solar and one 
wood chip heating plant (visit Samso 2015). The island generates more electricity 
than it uses and sends surplus electricity to the main Danish grid for sale in the Nord 
Spot Pool via a new underwater transmission cable that connects to the mainland 
15 km away. As part of gaining local stakeholder support for the redevelopment of 
energy on the island, landowners were offered an opportunity to buy a stake in the 
wind turbines being erected and collect a share of the revenues from the sale of 
electricity to the main power grid. A district heating system fueled by hay grown on 
the island, pipes hot water to most of the island residences. Although fossil fuel-
based transportation fuels have proven more difficult to replace entirely, the island 
actively promotes electric vehicles among its residents, and the government has 
plans to use landfill gas from its local waste management facility as energy for the 
ferries that run between the island and the Danish mainland. The entire project is 
estimated to cost about $80 million USD – approximately 20% of which came in the 
form of government subsidies (Cardwell 2015).

Issues have arisen in recent years with respect to the maintenance costs of the 
wind turbines and lower than expected revenues from electricity sales based on 
Nord Spot Pool oversupply; however, overall the redevelopment of Samso Island is 
widely regarded as a success story. While certain features of Samso Island,  for 
example, its supply of biomass from local agriculture, may make the Samso model 
not entirely replicable in other island environments, the Danish government and 
Samso’s local government actively promote the island today as a tourist destination 
for those interested in renewable energy and research base for renewable energy 
developers. The Samso Energy Academy was opened in 2007 and now houses a 
collection of renewable energy researchers, public education, and training programs 
(Saastamoinen 2009a, b).

Ramea Island and Prince Edward Island in Canada provide two additional exam-
ples of successful wind energy development. Ramea is located in the Atlantic Ocean 
of the southern coast of Newfoundland in Eastern Canada. The island has an area of 
a little more than 3 km2 and a population of approximately 600 year-round inhabit-
ants. In 2004, the island was selected by the Canadian federal government depart-
ment Natural Resources Canada (NRCan) as the test site for a proposed trial 
wind-hydrogen-diesel hybrid power project based on its wind energy potential, 
local community approval of wind development, and rising costs associated 
with importing diesel fuel for electricity generation on the island (NRCan 2014). 
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The project has been jointly operated by NRCan and Newfoundland and Labrador 
Hydro (now a subsidiary of the provincial Crown corporation Nalcor Energy) with 
approximately CAD $12 million (USD $9.3 million) in funding from both the 
federal and provincial governments.

The goal of the Ramea Island project is to satisfy the total electricity require-
ments of a small number of residents during low-demand periods through a combi-
nation of direct wind power generation and combustion of stored hydrogen gas 
(NRCan 2014). The production of hydrogen gas is an energy-intensive process that 
is often energetically less favorable than other technologies in that it requires more 
energy to produce a molecule of hydrogen than is released when the same molecule 
is combusted. The Ramea Island project has been designed to electrolyze water to 
produce hydrogen using energy from the wind power supply during periods when 
the wind power supply exceeds the net power demand on the island. In this way, 
electricity generated by combustion of hydrogen gas during off-peak wind supply 
periods could then be used to offset the island’s diesel generation requirements. The 
trial project targeted a wind-hydrogen power supply to satisfy the island’s low-
demand period electricity requirements, with diesel generators still being used to 
supply peak electricity demands during the cold winter months. The island does not 
have any nearby transmission capacity to the provincial mainland in Labrador that 
excess electricity from its wind turbines could be transported and marketed to. As a 
result, electricity storage in the form of hydrogen gas presents one appealing option 
for remote islands such as Ramea if proven to be technologically feasible. While the 
system was originally completed in 2012, Nalcor Energy has been operating the 
project throughout the demonstration phase and studies remain ongoing (Nalcor 
n.d.; Islam 2012). In January 2014, the federal government announced an additional 
CAD $2.3 million (USD $1.8 million) in federal funding for ongoing support of the 
wind-hydrogen energy project (ACOA 2014). The long-term goal of the Ramea 
Island wind-hydrogen-diesel hybrid power project is to create an economicly viable 
wind energy storage system for remote, diesel-powered communities on islands.

Another successful wind energy project on the east coast of Canada funded by 
Canada’s National Government has been developed on Prince Edward Island (PEI). 
The island has experienced significant agricultural development, and the commer-
cial fishing and tourism industries make an important contribution to the island 
economy. PEI is a federal government wind energy research test center. Tourism 
“has increased exponentially” in areas of PEI where wind farms have been con-
structed. For example, the number of visitors at one of the wind farms on the North 
Cape “exceeds 60,000 people” annually since the opening of the wind farm and 
seasonal revenues from the gift shop and restaurant generating $260,000 annually 
from May through October.19

A third large wind energy project proposed on the Haida Gwaii (HG) Islands, on 
the west coast of Canada in northwestern British Columbia formerly known as the 
Queen Charlotte Islands, illustrates some of the challenges faced by wind energy 

19 http://www.canwea.ca/images/uploads/Fle/New_releases/CanWEA_Release_-_October25(1).
pdf; http://www.canwea.ca/images/uploads/File/North_Cape2.pdf.
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developers in coastal areas. The HG islands include two major islands – Graham 
Island in the north and Moresby Island in the south – along with a collection of 
smaller islets for a collective landmass of just over 10,000 km2. As in the Galapagos 
Islands in Ecuador, the remote HG islands encompass a national park and are both 
ecotourism destinations. The HG islands are the home of indigenous peoples known 
as the Haida Nation. Approximately 4500 people live on the island today, with 45% 
of the population consisting of members of a variety of indigenous peoples. The 
UNESCO World Heritage Site SGang Gwaay is located in Gwaii Haanas National 
Park Reserve. The islands are considered to be “a world-class destination for the 
adventurous traveler…which feature unique temperate rainforests, pristine 
uncrowded beaches, abundant wildlife and renowned ancient Haida village sites.”20 
The HG Islands are not connected to BC Hydro’s mainland integrated grid, and as 
such are serviced at present by BC Hydro’s Non-Integrated Area services, which 
manage the generation and distribution of electricity in many of British Columbia’s 
remote northern communities. Graham Island’s North Grid is currently serviced by 
a BC Hydro-managed diesel-powered generating station, while Moresby Island’s 
South Grid is powered by a privately owned hydroelectric generating station that is 
backed up by another BC Hydro-managed diesel generating station.

In BC, there is a large, steady supply of baseload electricity from hydroelectric-
ity that accounts for over 95% of electricity generated in the province. In June 2008, 
BC Hydro a utility owned by the provincial government issued a Clean Power Call 
Request for Proposals (RFP), which after a round of amendments culminated in a 
call for upward of 3000 GWh of annual electricity from designated renewable 
energy technologies (BC Hydro 2015). By August 2008, 168 projects of interest had 
been registered by BC Hydro, although by the proposed submission deadline of 
November 2008, only 68 proposals were received. These 68 proposals, however, 
still represented a collective 17,000 GWh annual electricity output. After a compre-
hensive evaluation process that took until August 2010 to complete, BC Hydro 
selected 27 projects from throughout the province and offered electricity purchase 
agreements (EPAs) (BC Hydro’s PPA equivalent) to successful project proponents. 
These projects included 19 run-of-the river projects, 6 wind projects, 1 storage 
hydro project, and 1 waste heat project (BC Hydro 2015).

A large wind energy project called the NaiKun Wind Energy Project (NaiKun) 
was proposed by a private corporate wind energy developer to construct 110 tur-
bines in a 396 MW offshore wind farm that would be located in the windy channels 
of the Hecate Strait that runs between the HG islands and mainland BC. NaiKun’s 
CAD $2.5 billion wind project would connect to an onshore substation on Graham 
Island and replace all of the diesel-generated electricity on the North Grid. All sur-
plus electricity would be transported to BC Hydro’s mainland grid via a 100 km 
subsea transmission line (NaiKun 2015). Realizing the unique stakeholder of 
concerns of coastal British Columbia and the recognized territories of the indige-
nous First Nations bands on Haida Gwaii, the wind developer completed an exten-
sive consultation process with indigenous residents that ultimately culminated in 

20 www.haidagwaitttourism.ca.
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the signing of a tentative agreement with the Council of Haida Nation (CHN) that 
would provide for the CHN to assume a 20–40% stake in the project dependent on 
financing (Simms 2011) and the environmental assessment (EA) of the of the island 
wind energy project.

Despite the completion of the provincial environmental impact assessment (EA) 
process for the wind energy project by the energy developer and the issuance of BC 
EA certificate by the provincial government in 2009, PPA tenders for successful 
projects under the Clean Energy Call RFP were awarded to smaller projects (less 
than 100 MW) in capacity, signifying support from BC Hydro for smaller, more 
distributed projects rather than large, single proponent projects. In response to the 
proposed major wind energy project, BC Hydro, a Crown Corporation in March 
2010, informed the NaiKun wind energy developer that its proposal had been elimi-
nated from consideration for a power purchase agreement (PPA) due in part to an 
excessive risk profile. Despite the tentative agreement NaiKun had reached with the 
CHN, a number of smaller groups with the Haida Nation voiced opposition to the 
NaiKun’s project despite council’s consent to the project, citing concerns with 
potential risk to the local subsistence fishery in the Hecate Strait and the CHN’s 
ability to make interest payments on the hefty loans that would be required to buy-in 
to the project as shareholders (Simms 2011).

�Tidal Energy

Unlike the other RE resources, solar, geothermal, and wind, that we have discussed, 
the development of tidal energy has been much more restricted. There has been 
limited electricity generation from facilities in Normandy, France, Scotland, and in 
the province of Nova Scotia, Canada. Nova Scotia Power built the first and only 
tidal generating station in North America that can produce up to 20 MW.21 Tidal 
energy development is currently an active area for experimentation and technologi-
cal innovation. As a result the policies and laws that have been adopted by govern-
ments to facilitate solar, geothermal, and wind energy development are at a more 
advanced stage than those that may be developed to facilitate tidal energy 
production.

�Laws and Policies to Support Renewable Energy

We have now considered a few examples of successful RE projects on remote 
islands and some of the obstacles to development. In the next section of the chapter, 
we will examine the basic policy and legal approaches that have been employed by 
governments to promote national RE development in a much broader context than 

21 Fundy Ocean Research Center for Energy (FORCE), www,fundyforce.ca.
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remote islands. Should a government decide to focus on promoting RE development 
on remote islands, then the following fundamental policy and legal approaches can 
form the basis for stimulating RE electricity production in a specific area, when the 
policies are tailored to the challenges unique to remote island environments such as 
smaller electricity markets than those in cities on the mainland and higher electricity 
costs due to higher diesel generation costs.

While minor differences exist in jurisdictions with respect to policies designed to 
promote RE development and the laws that provide the framework to implement the 
policies, the following three general approaches have been adopted by numerous 
governments to facilitate RE development at the national level:

	1.	 Feed-in tariff (FIT) programs;
	2.	 Renewable portfolio standard (RPS) systems;
	3.	 Periodic calls for tenders from renewable energy developers.

In some nations a combination of two or three above approaches have been 
incorporated into legal systems designed to promote RE.  In light of the higher 
energy costs on remote islands due in part to higher transportation costs for fuels 
such as diesel and LNG and smaller populations and markets, these factors should 
be taken into consideration by policy and law makers when creating systems that 
might increase RE development on smaller remote islands. We will now examine 
the three basic vehicles used by governments to promote increased RE development 
at the national and regional levels.

�Feed-in Tariff (FIT) Programs

Germany, Denmark, Japan, the USA, Canada, and Ecuador provide a few examples 
of countries where governments have adopted FIT programs. Under this type of 
program, the government typically provides an ongoing open offer to RE develop-
ers that their electricity projects will be connected to the main transmission grid 
once operational with the cost usually borne by the utilities, not the RE developers. 
Frequently there is a right of first purchase (ROFP) or priority grid access to ensure 
that all generated electricity is sold. Often, premiums (i.e., tariffs on the purchasing 
utility or downstream customer) are offered for this electricity which guarantees a 
minimum price per kilowatt-hour (kWh) above the average grid electricity price that 
varies by RE technology. The FIT rates are often set to correspond to calculated 
break-even costs for certain RE technologies to assist project developers in recover-
ing upfront capital costs that are often substantially higher than those for electricity 
producers with plants that operate on fossil fuel-based sources. These premium 
rates are often offered to individual project developers for a period of 15–20 years 
that are guaranteed under either a contractually binding power purchase agreement 
(PPA) or, in certain common law jurisdictions, the administrative law principle of 
legitimate expectations. After this period is completed, all electricity from these 
projects is subject to normal market electricity prices in the particular jurisdiction or 
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in a combined power pool. A key feature of numerous FIT programs is the periodic 
rate amendments made as certain RE technologies become less costly or become a 
specific focus area for a government.22

�Germany

During the last 25 years, Germany has been a pioneer in the development of FIT 
programs and has continually revised its RE policy and legislation as technological 
innovation and experiences from the deployment of RE wind and solar technology 
provide insight to other governments and regulators interested in promoting RE 
development. Germany has been very successful in promoting coastal wind energy 
development and continues to be a world leader in developing and implementing 
RE technologies.

The 1991 German Electricity Feed-In Law (Stromeinspeisungsgesetz) required 
grid operators to connect RE projects to the central German electricity grid (IRENA 
2015e). In addition, the public utilities that operated the grid were required to pay 
premium prices via a FIT for the electricity supplied from these RE power plants. 
All costs of the FIT incentive were recovered by the public utilities that operated the 
German grid at the time from downstream customers via a renewable energy sur-
charge. The premiums offered to RE developers fluctuated annually based on the 
average per kWh cost of all electricity sold via the public electricity grid in the 
previous year. Wind power plants and solar PV plants received the highest remu-
neration with a 90% premium (i.e., 1.9 times the average per kWh cost of all elec-
tricity sold the previous year), followed by hydropower, biomass, and biogas power 
plants smaller than 500 kW at 75%, rising later to 80% in 1998 (IRENA 2015e). 
Hydropower, biomass, and biogas power plants larger than 500 kW but smaller than 
5 MW received a 65% premium, although projects larger than 5 MW were not eli-
gible for any premiums (IRENA 2015e).

While no formal contracts in the form of PPAs were ever signed with RE devel-
opers that would guarantee the anticipated premiums for their electricity, the 
German constitutional principle of legitimate expectations (Vertrauensschutz) pro-
vided some legal certainty that the premiums would not be eliminated altogether or 
unfairly reduced (Thomas 2000). Similar to the English common law doctrine of 
legitimate expectations, the principle essentially provides that any representations 
made by a public authority may be reasonably relied on and allow for an action 
against the public authority should this representation be relied upon to their 
detriment.23 In 1998, the Electricity Feed-in Law was amended as heavy develop-

22 For example, see offshore wind energy development in Germany or geothermal energy develop-
ment in Indonesia.
23 The doctrine of legitimate expectations, a common principle of administrative law in many juris-
dictions, has evolved differently via case law in common law jurisdictions such as Canada, the 
USA, England, and Australia to either broaden or narrow the doctrine along with the procedural 
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ment of wind farms around the coastal regions of Germany had placed an unfair 
financial burden on utilities to not only connect these new developments but pay a 
substantial premium on the electricity generated from these projects. Therefore, a 
cumulative 10% cap was introduced limiting the amount of electricity from RE 
sources that had to be paid according to the law. The total burden of the law was 
limited to individual utilities and their customers.

The Electricity Feed-in Law is widely considered to be the driving force behind 
the rapid expansion of RE development in Germany, particularly fast-paced wind 
farm development along parts of the German coastline. While the 1998 cap 
attempted to control the rising cost of electricity generation in certain areas in the 
country and encourage other types of RE development (i.e., non-wind), the rapidly 
decreasing cost of wind power made further wind project installations far more 
desirable than other RE technologies at the time. In 2000, with much of northern 
Germany already at or quickly approaching the 10% cap based on existing wind 
installations, the German government revamped its renewable energy regulatory 
framework based on the same general principles as the Electricity Feed-In Law, but 
it incorporated lessons learned over the previous decade of experimentation with 
RE development.

In 2000, the Renewable Energy Sources Act (Erneuerbare-Energien-Gesetz 
(EEG)) replaced the Electricity Feed-In Law of 1991 with the goal of doubling the 
share of electricity produced from RE by 2010 (IRENA 2015f). The EEG shifted 
the legal obligation to provide grid access for new RE installations from the utilities 
to grid operators. Under the legislation adopted in 2000, developers of new RE 
projects had to pay the cost of physically connecting their projects to the main trans-
mission grid, although tertiary costs related to the reinforcement of transmission 
infrastructure to handle increased loads in certain areas of the country were to be 
incurred by the grid operators. The EEG also attempted to address the problem of 
an inequitable distribution of financial burdens among regional utilities that emerged 
under the Electricity Feed-In Law. Rather than imposing a maximum cap on the 
amount of electricity, RE regional utilities were required to buy; an ex-post quota 
system was implemented that required all electricity from renewable energy proj-
ects to be bought and incorporated into the grid-like generation from any other 
sources, but every 3-month period or quarter, the net RE purchased under the EEG 
by all utilities in Germany would be totaled and then added to the cost of EEG elec-
tricity shared among all utilities equally or proportionately – whether or not they 
generated or transmitted any electrons from renewable energy sources during that 
period or not. The ex-post quota system, in which utilities only learned what their 
total EEG bill for the quarter would be after the quarter ended, effectively allowed 
for the best RE sources in Germany (i.e., wind in northern coastal Germany) to be 
developed without financially crippling utilities in certain regions. While the actual 
costs incurred by some utilities and grid operators associated with load management 
and increased physical infrastructure requirements for EEG electricity were not 
explicitly known at that time, the primary effect of the ex-post quota system was to 

and substantive rights offered under it.
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redistribute the growing costs of purchasing electricity from RE sources equally 
among German utilities.

Tariffs for different RE technologies under the EEG were also adjusted from 
those offered under the Electricity Feed-In Law to reflect actual generation costs 
associated with each technology rather than on a premium of the average cost of 
grid-generated electricity. For example, new onshore wind project remuneration 
was fixed at € 8.4¢/kWh (USD 10¢/kWh) rather than 90% of the previous year’s 
average grid per kWh cost. Remuneration for electricity from individual plants 
would be fixed for 20 years after generation begins for every technology except 
wind, which would have a fixed total kWh production cap at a higher premium, after 
which electricity from the individual installations would receive a reduced remu-
neration for the remainder of the initial 20-year period. The fixing of remuneration 
rates (outside of those for wind developers) was done with the intention to encour-
age RE generators to reduce their operational costs, as increasing currency inflation 
rates meant that the actual value of remuneration paid decreased over time in real 
terms. Additionally, from 2002 onward, the remuneration to newly commissioned 
plants has been decreased annually in order to further encourage cost reductions – 
by 5% annually for new solar PV installations, 2% for wind power plants, and 1% 
for biomass-fueled plants.

The German parliament reevaluates the EEG every 2  years on the basis of a 
report that is prepared by the Ministries of Economics and Technology (MET) in 
order to assess further efficiency gains and remuneration adjustments based on RE 
development to date.

After such a biannual review resulted on January 1, 2009, the EEG was amended. 
Increased costs for wind turbine raw materials such as copper and steel led the 
German parliament to offer increased tariffs for both onshore and offshore wind 
energy development after lobbying from the domestic wind energy industry. The 
tariff for new onshore wind projects had decreased to € 8.03¢/kWh (USD 9¢/kWh) 
in line with the 2% annual remuneration reduction offered to new projects, although 
this tariff offering had become prohibitively low to entice new wind farm develop-
ment given the increasing cost of materials required for the manufacturing of tur-
bines. As a result, the 2009 EEG amendment increased the tariff for onshore wind 
to € 9.2¢/kWh (USD 11¢/kWh) for the first 5 years of operation, decreasing to € 
5.02¢/kWh (USD 6¢/kWh) after that (IRENA 2015g). Also, realizing that the 
annual remuneration decrease for new onshore wind energy developments may 
have been too large for developers to meet the targeted operational cost reductions, 
annual tariff decreases were reduced from 2% to 1%. For offshore wind electricity, 
the initial tariff was set at € 15¢/kWh (USD 17¢/kWh) until 2015, before decreasing 
to € 13¢/kWh (USD 15¢/kWh) and reduced by 5% annually thereafter. A “repower-
ing bonus” was also offered to incentivize the replacement of old onshore and off-
shore turbines as the efficiency was substantially less with the older turbines than 
modern turbines due to technological advances in wind turbine technology. A € 
0.5¢/kWh (USD 1¢/kWh) premium was offered to operators of turbines at least 
10 years old on top of whatever their fixed remuneration rate was at the time to 
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replace them with new turbines that were from twofold up to fivefold more efficient 
than the old turbines.

Tariffs for RE from biomass, geothermal, and hydropower sources were all 
increased in 2009 EEG amendments; however, for solar PV, tariffs decreased for all 
capacity sizes. By 2009, Chinese solar PV module manufacturers had made tremen-
dous gains in efficiency, and the price per MW cost of solar PV had dropped dra-
matically. As Chinese exports of solar PV modules began to flood markets around 
the world – particularly those with attractive FIT programs in place for solar PV – a 
MET market assessment of the solar PV industry concluded that solar PV rates 
could be progressively decreased without stifling the growth of solar PV installa-
tions. Roof-mounted facility tariffs were decreased to € 43.01¢/kWh (USD 49¢/
kWh) up to 30 kW, € 40.91¢/kWh (USD 47¢/kWh) from 30 to 100 kW, € 39.58¢/
kWh (USD 45¢/kWh) from 100 kW to 1 MW, and € 33¢/kWh (USD 38¢/kWh) over 
1 MW. For free-standing facilities, the tariff was decreased to € 31.94¢/kWh (USD 
36¢/kWh). Collectively, the 2009 EEG amendments exemplify a sustained commit-
ment by the German government to renewable energy development and realization 
of the different paces at which different renewable energy technologies were 
advancing with respect to their capital costs, technological efficiencies, and ease of 
integration with the existing German electricity transmission grid.

In 2012 the EEG was amended again, and these changes legislatively enshrined 
stated policy goals for minimum RE electricity generation of 35% by 2020, 50% by 
2030, 65% by 2040, and 80% by 2050 (IRENA 2015h). A collection of tariff adjust-
ments also accompanied the 2012 EEG amendments. The tariff for new onshore 
wind projects had decreased 1% annually as part of the 2009 EEG amendments 
from € 9.2¢/kWh (USD 11¢/kWh) for the first 5 years of operation to € 8.93¢/kWh 
(USD 10¢/kWh) in 2012. The 2012 EEG amendment increased the rate of annual 
premium decrease for new onshore wind installations to 1.5%. The repowering 
bonus offered under the 2009 EEG amendments was also restricted to turbines put 
into operation prior to 2002. The fixed € 15¢/kWh (USD 17¢/kWh) tariff for new 
offshore wind projects was extended to the end of 2018 (instead of 2015 under the 
2009 EEG amendments) and then set to decrease by 7% annually (instead of 5%).

An alternative FIT payment model was also offered to offshore wind energy 
developers in order to accelerate capital cost recovery. While most wind projects 
were given a 12-year FIT premium guarantee compared to the 20-year guarantees 
offered for other RE technologies offshore wind developers were offered the oppor-
tunity to receive tariff payments of € 19¢/kWh (USD 22¢/kWh) for the first 8 years 
of project operation instead of the standard offer € 15¢/kWh (USD 17¢/kWh) for 
12  years. In addition, the German government-owned development bank KfW 
began offering a dedicated loan program solely to offshore wind energy developers 
(KfW n.d.), highlighting the emphasis the German legislature had placed on devel-
oping offshore wind energy resources.

In order to contain the escalating costs of solar PV tariff payments and issues 
with connection of a scattering of small installations to the grid, the 2012 EEG 
amendment provided for an immediate tariff decrease of 15% for all project sizes 
as well as annual decreases in the initially offered premiums between 1.5% for 
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projects less than 100  kW and 24% for larger projects. Eligible rooftop facility 
projects were also capped at no more than 10 MW. Opportunistic developers had 
rushed to develop solar projects since the 2009 EEG amendments (particularly 
large-scale projects), and many of the 2012 EEG amendments to the solar power 
tariff structure were aimed at directly addressing issues that had arisen and public 
outcry over the increasing cost of electricity. A subsequent EEG amendment called 
PV-Noelle was introduced in June 2012 to cap total PV solar energy development 
at 52 GW, after which new solar installations of any size would no longer receive 
any premium on electricity generated (Jankowska 2014).

In August 2014, the EEG was once again amended as the RE industry in Germany 
continued to mature. By year-end 2014, electricity from RE sources was projected 
to supply almost 30% of the net German electricity demand (Berger 2014), and 
national RE electricity generation goals were increased accordingly to 40–45% by 
2025, 55–60% by 2035, and maintained at 80% by 2050. Annual development tar-
gets for solar PV at 2.5 GW/year, onshore wind at 2.5 GW/year net (i.e., including 
replacement of old turbines), offshore wind at 6.5 GW by 2020 (equal to approxi-
mately 800 MW/year), and biomass at 100 MW/year have been created. FIT premi-
ums offered to developers of new RE projects would be adjusted annually based on 
the actual pace of development of RE sources compared to these targets. Existing 
projects are all still paid the premium prices offered under production licenses for a 
20-year duration beginning at the start of a project’s operational life, subject to the 
slightly different tariff structures offered for wind energy developers.

Another major change prompted by the 2014 EEG amendment was the introduc-
tion of direct marketing requirements for RE electricity generators. Under EU law, 
all utilities in member countries must be “unbundled,” meaning that transmission 
grid operators cannot own power plants and sell electricity (Bundesnetzagenter 
2015a). This was done to prevent vertically integrated utilities from manipulating 
spot market power prices during periods of peak grid demand by opportunistically 
shutting down generation at certain facilities in order to collect higher prices from 
other generation facilities under their ownership. Under the previous FIT arrange-
ment, grid operators were required to purchase all RE electricity produced from RE 
generation facilities at the premium price agreed to under each facility’s production 
license and then coordinate the sale of this electricity on the electricity spot market. 
These premiums were recoverable by grid operators from electricity consumers in 
the form of a renewable energy surcharge that was calculated based on the net pre-
miums paid to RE electricity generators. The net premiums paid to RE electricity 
producers were calculated quarterly under the ex-post quota system based on the 
total payments to RE producers minus what the equivalent amount of RE electricity 
purchased would have cost at the average kWh cost over the quarter. What this 
allowed RE generators to do was “produce and forget” in other words generate 
electricity without regard for real-time grid demand, which ultimately placed a 
significant burden on grid operators to creatively manage the electricity supply and 
the demand throughout peak and off-peak periods of a day (Energiewende Germany 
2015). Under the new direct marketing requirements, all solar PV and wind power 
operations larger than 100 kW would by 2016 be required to essentially sell their 
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power themselves, either to consumers looking to purchase green electricity under 
a contracted price or directly on the electricity spot market exchange. If sold directly 
in the electricity spot market, RE generators are able to recover the difference 
between the spot market price they receive for their electricity and the rates guaran-
teed under their production licenses from a renewable energy surcharge paid by 
consumers, a calculation via a similar method to that previously used to reconcile 
the additional costs incurred by the grid operators in directly purchasing RE elec-
tricity. While the direct marketing requirements may impose a short-term burden on 
smaller RE power producers unfamiliar with the German power exchange, the long-
term goal is to familiarize these operators with electricity markets such that when 
the 20-year period of guaranteed rates under their original production licenses end, 
these operators can seamlessly transition to selling into competitive power 
markets.

By the end of 2014, Germany achieved 39.2 GW of built wind power capacity. A 
record 5.3  GW of new capacity was added in 2015. Some have speculated this 
increase in growth may be more due to the fact that FIT rates for offshore wind 
energy development are set to expire at the end of 2018 and wind developers are 
therefore rushing to complete projects to lock-in FIT rates; however, the total 
installed capacity to date still ranks Germany third in the world behind only China 
and the USA in terms of total installed wind generation capacity. With the end of the 
offshore wind FIT rates in 2018 and escalating depreciation of the rates offered for 
onshore wind, wind energy projects will, like solar PV, face increasing competitive 
pressures in future years as FIT rates decline or expired. As of June 2015, Germany 
achieved a total of 38.8 GW built PV solar capacity, creating the largest solar PV 
generating capacity of any country in the world (Bundesnetzagenter 2015b). Given 
the solar PV development target of 2.5 GW of new solar PV capacity per year and 
the PV Novelle cap at 52 GW, Germany’s FIT rates for new solar PV projects will 
likely continue until the year 2020, after which all new solar PV projects will be 
subject to the full pressures of spot market electricity prices.

�Germany and Denmark

The German FIT system has influenced the Danish RE industry including wind 
development on islands such as Samso Island discussed earlier in the chapter. 
Starting in the mid-1970s, Denmark invested heavily in wind power generation and 
has been a world leader in the field ever since (DWIA n.d.). In 2014, wind power 
supplied 39% of all electricity consumed in Denmark (DWIA 2015), and Danish 
wind power expertise has become a key economic driver in the country, prompting 
the creation of companies such as Vestas Wind Systems – the largest wind turbine 
manufacturer and servicer in the world as of 2015 (Vestas 2015) – as well as numer-
ous other wind power service sector companies. The Danish experience with RE 
closely mirrors that of its larger neighbor to the immediate south, Germany, a 
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country that is widely regarded as one of the most innovative jurisdictions in the 
world with regard to RE development.

Beginning in 1989 with amendments to the Electricity Supply Act,  similar to 
Germany’s 1991 Feed-in Tariff Law, the Danish Government mandated power sup-
pliers to connect RE projects to the grid and provide an ROFP. The coastal regions 
of Denmark have experienced significant development of wind energy resources. 
The timing and substantive content of Danish legislative and policy amendments 
with respect to RE development is similar to legislative and policy developments in 
Germany, mostly out of necessity as the Danish-German border forms the only cur-
rent transmission linkage to mainland Europe for Danish power producers. However, 
as grid operators in both countries attempt to balance electricity supply and demand, 
issues have arisen with regard to Denmark’s desire to export surplus electricity from 
its substantive wind energy resources (Starn and Zha 2015).

Citizens in the northernmost German province of Bavaria have opposed new 
transmission lines that would be required to carry additional electricity from 
Denmark and other Nordic countries to consumers in southern Germany and other 
European Union countries. Periodically throughout the year, the spot price for elec-
tricity on the Nordic electricity exchange,  or Nord Spot Pool, a centralized electric-
ity exchange for all electricity producers in Denmark, Finland, Sweden, Norway, 
Estonia, and Lithuania (Nord Spot Pool 2015),  has declined to negative values due 
to oversupply from wind energy sources at peak times of certain days when the 
wind is stronger in particular regions. This means that all Danish electricity genera-
tors operating during these times are essentially paying domestic consumers to con-
sume electricity during these peak periods of oversupply. In the absence of new grid 
connections with Germany’s mainland power grid, Danish energy producers will 
continue to be forced to sell into an oversupplied market within the Nord Spot Pool. 
While wind energy producers in Denmark still receive an “environmental premium” 
of DKK 0.10/kWh (CAD 2¢/kWh) for every kWh produced which helps to com-
pensate for the periods when the market pool price is negative, Denmark serves as 
one cautionary example of one country’s RE ambitions outpacing that of other juris-
dictions whose cooperation is required for a profitable outcome. While Denmark’s 
wind energy industry has undoubtedly flourished in recent decades thanks to its 
early start globally in wind energy development and a variety of domestic incentive 
programs, its collective success is capped based on the degree of cooperation from 
its southern neighbors. In light of this transmission bottleneck, Denmark has begun 
to explore direct transmission grid linkages with other European countries, with an 
underwater 700 MW line to the Netherlands slated to be operational by 2019. Other 
Nord Spot Pool members have also begun to explore solutions to the electricity 
oversupply problem currently facing member countries. For example, Norway and 
Britain have an agreement in principle to construct the world’s largest subsea trans-
mission line – a 1400 MW line that would connect the two countries and provide 
another outlet for Nord Spot Pool member electricity during periods of 
oversupply.
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�Ecuador

In 2000, Ecuador became one of the first countries in South America to adopt a 
feed-in tariff (FIT) model to promote the development of renewable energy. While 
a number of setbacks regarding the application and enforcement of the program led 
the government of Ecuador to suspend the program in 2009, the Ministry of 
Electricity and Renewable Energy (MEER) reenacted in 2011 by Decree 004/11 
(CONELEC Regulación No. 004/11) a revamped FIT program with added provi-
sions based on lessons learned from the FIT program that ran from 2000 to 2009. 
The new FIT program has offered a variety of tariffs for electricity generated from 
wind, solar PV, biomass, geothermal, and hydropower sources on the Ecuador 
mainland, as well as a separate set of rates for power generated from these sources 
on the isolated Galapagos Islands designed to reduce reliance on imported diesel 
fuel for electricity generation. An open call for tenders was issued to RE developers 
that provided for 15 year power purchase agreements (PPAs) to be issued to suc-
cessful bidders. Ecuador’s tremendous solar energy potential, combined with the 
newly offered FIT solar PV rate offering of USD 40.03¢/kWh, has prompted a sig-
nificant increase in the number of solar energy companies bidding for PPAs to sup-
ply electricity to the grid. When the original call for tenders expired December 31, 
2012, the Ecuadorian electricity regulator CONELEC had agreed to PPAs with 17 
companies for 288 MW of combined solar PV capacity (Lopez 2015).

In June 2013, Decree 001/13 (CONELEC Regulación No. 001/13) replaced the 
2011 FIT program that had expired in December 31, 2012 with minor amendments. 
Tariffs for energy from wind, biomass, geothermal, and hydropower sources for 
both continental Ecuador and the isolated Galapagos Islands were adjusted slightly, 
and, most significantly, the tariffs for solar PV were eliminated and tariffs for solar 
thermal offered instead. With 288  MW of planned solar PV capacity already in 
place from the 2011 call for bids, rate offerings were changed to incentivize devel-
opment of other forms of RE such as solar thermal and wind. CONELEC has issued 
a call for bids to renewable energy developers until December 31, 2016, or until a 
target 6% of the national installed electricity capacity is achieved. All electricity 
generated from RE sources will be given priority purchase on the grid under 15 year 
PPAs, similar to the provisions offered to RE developers under the 2011 call for 
bids. While development of many RE projects particularly solar PV has been slower 
than expected in Ecuador, by the end of 2014, almost 27 MW of solar PV capacity 
had been installed, from only 4 MW of installed capacity at the end of 2013, repre-
senting an almost 600% increase in solar PV capacity in the country. Ecuador now 
has the second-largest solar PV capacity in South America, trailing only Chile’s 
installed capacity by year-end 2014. While some of the original projects planned as 
part of the awarded 288 MW of capacity have been either temporarily or permanently 
suspended for a variety of economic, regulatory, and social concerns, Ecuador’s 
solar PV capacity will continue to undergo exponential growth as more of the proj-
ects become operational.
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�Renewable Portfolio Standards (RPS)

Another common approach used by governments to promote RE development has 
been the creation of renewable portfolio standards (RPS). In a RPS system, the 
government usually sets renewable electricity generation goals as a certain percent-
age of annual electricity generation to be achieved by a certain date. A 3–5-year 
grace period between the date of the announcement and the first goal threshold to be 
achieved to allow utilities in the jurisdiction to either individually develop renew-
able energy projects to add to their electricity portfolio mix or to purchase renew-
able electricity certificates (RECs) from third-party project developers that can be 
claimed as credit equivalents toward their RPS requirements. After the grace period 
ends, the RPS target for each utility increases annually or every 3–5 years, although 
these increases are frequently subject to future changes based on the cost of electric-
ity in some jurisdictions, the feasibility of utilities attaining RPS targets, or the 
availability of RECs for purchase. A utility that fails to meet their RPS requirements 
is often subject to heavy fines or other fiscal consequences. RPS systems are com-
mon in jurisdictions with private utilities and liberalized electricity markets or 
power trading pools. Japan, the USA, and Chile provide examples of countries that 
have adopted RPS systems to promote RE development.

Japan a nation comprised of large and small islands lacks domestic fossil fuel 
resources and is therefore more susceptible to global oil price fluctuations. During 
the Arab Oil Embargo of 1973 and oil price shock following the Iranian Revolution 
in 1979, Japanese consumers and industry experienced significantly higher prices 
for electricity, fuel, and other energy resources. The lasting impact of these oil crises 
prompted the Japanese government to adopt in 1980 the Law Concerning Promotion 
of Development and Introduction of Oil Alternative Energy, which provided for the 
establishment of the New Energy Development Agency (NEDO) (IRENA 2015k). 
NEDO assumed the responsibility to coordinate research and development on RE 
technologies such as solar PV and wind. Japan grew to be the world’s second-largest 
producer of solar PV electricity by the early 2000s under the supervision of NEDO 
largely thanks to a government subsidy program for household rooftop installations. 
Then in April 2003, the government adopted a Special Measures Law Concerning 
the Use of New Energy by Electric Utilities (SML) (Mendona 2007). The law cre-
ates an RPS system for all electricity wholesalers that mandates an increasing 
annual percentage of electricity generation from wind, solar, geothermal, biomass, 
or small-scale hydropower sources based on a 2010 target of 12.2 billion kWh of 
electricity from RE sources or approximately 1.35% of the total estimated electric-
ity demand by 2010. While seemingly low compared to more recent RPS require-
ments imposed in other countries on electricity wholesaler and utilities, the Japanese 
government did not want to hinder the productivity of its large industrial manufac-
turing base through electricity rate increases that often accompany the installation 
of new RE generation capacity. Additionally, Japan at the time was the third-largest 
electricity producer in the world after the USA and China, and the 1.35% RPS target 
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by 2010 was seen as generally being in line with the RE generation targets that the 
USA and China had set at the time for themselves (BP 2015).

The RPS imposed under the SML has established flexible dates for satisfying 
RPS requirements by back-loading RE generation targets to the end of the 2003–
2010 period for Japan’s larger utilities in order to allow time for construction of new 
RE generation capacity (Nakakuki and Kudo 2003). Electricity wholesalers had two 
main options available to meet their RPS requirements: build sufficient RE genera-
tion capacity themselves or purchase an equivalent amount of electricity derived 
from RE sources via an REC-style system. Alternatively, a financial penalty would 
be imposed should wholesalers fail to meet their RPS requirements. The RPS sys-
tem, combined with the rising prices of oil and natural gas throughout the 2000s, 
prompted installed RE generation capacity at an average annual rate of 8% from 
2003 to 2009 (Edahiro 2014). In 2009, the Japanese government passed a further 
New Purchase System for Solar Power-Generated Electricity regulation, that man-
dated utilities to buy all excess electricity produced from rooftop solar PV at fixed 
prices – 48 JPY/kWh (USD $0.39/kWh) for electricity from domestic household 
rooftops and JPY 24/kWh (USD $0.20/kWh) from non-household rooftops (IRENA 
2015l). The cost of this FIT-style program was recovered by utilities through a JPY 
30/month (USD $0.24) surcharge on all grid-connected electricity consumers and 
was set to remain open for a period of 10 years.

The combined outcome of the SML and additional programs such as that of the 
New Purchase System for Solar Power-Generated Electricity regulation facilitated 
the island nation exceeding its RPS targets by 2010. In 2012, the Japanese govern-
ment introduced the Act on Purchase of Renewable Energy Sourced Electricity by 
Electric Utilities that created the island nation’s first FIT program for electricity from 
RE sources (IRENA 2015m). The FIT program adopted in 2012 not only replaced 
the RPS system in place from 2003 to 2010 but also the existing FIT program for 
solar PV that had been in place since 2009 with new rates. Premium rates for elec-
tricity from rooftop solar PV, wind, geothermal, hydropower, and a variety of bio-
mass sources were offered to prospective RE developers along with 10–20-year 
PPAs depending on the RE source and technology (IRENA 2015m). The Ministry of 
Economy, Trade, and Industry (METI) annually reviewed the offered rates as devel-
opment of different RE sources progressed or technological and manufacturing 
advances made certain technologies, especially solar PV, more affordable.

The JPY 42/kWh (USD $0.34/kWh) rate for both residential (<10 kW) and non-
residential (>10 kW) rooftop solar PV under the original offer period was decreased 
approximately 10% by METI to JPY 38 (USD $0.31/kWh) and JPY 37.8 (USD 
$0.31/kWh) in April 2013 after a massive influx of applications for solar PV project 
grid connections. From the start of the program in 2012 to the 2013  year-end, 
Japan’s total installed solar PV capacity had more than doubled, from approximately 
6.6 GW to 13.6 GW (IEA 2014). In April 2014, METI further reduced the rates for 
residential and nonresidential solar PV to JPY 37 (USD $0.30) and JPY 32 (USD 
$0.26), respectively, as the costs for solar PV panels continued to drop dramatically 
and applications for rooftop solar PV connection continued to increase. By the 
2014 year-end, Japanese solar PV capacity had grown by another 9.7 to 23.3 GW of 
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total capacity, making Japan the third-largest solar PV electricity producer in the 
world after Germany and China (IEA 2015). Despite the restart of designated 
nuclear reactors in September 2015, Japan has experienced explosive growth in its 
RE portfolio since introduction of the FIT program in 2011 under the Act on 
Purchase of Renewable Energy Sourced Electricity by Electric Utilities. In response 
to the Fukushima Daiichi disaster, a shift in Japanese energy policy toward RE over 
nuclear is illustrated by the world’s largest offshore wind farm currently being 
planned off the Fukushima coast. The project is to have a collective 1 GW capacity 
once complete by using massive floating turbines between 2 and 7 MW in capacity 
(Yirka 2013, Watanabe 2015). Even with nuclear power slowly returning to Japan’s 
grid, plans to continue the FIT program subject to an annual review seem set to 
continue for several years to come. Japan currently produces approximately 10% of 
its electricity from RE sources, with a 20% RE generation target by 2020 (Harlan 
2013). While it remains to be seen if the RE target be achieved under the existing 
FIT program alone, collectively, the island of Japan provides another example of a 
country prompted to develop political and technological ingenuity in the face of 
scarce fossil fuel resources.

The most common approach used by state governments in the USA to promote RE 
development has been to create renewable portfolio standards (RPSs), as they are 
flexible market-based policies created to ensure that public benefits of renewable 
energy are recognized (IRENA 2015b). An RPS requires electricity providers within 
the state to obtain a minimum percentage of their power from renewable energy 
resources by a certain date. Each state/regional government chooses to fulfill its RE 
mandate by using a several renewable energy sources, including wind, solar, biomass, 
geothermal, or other renewable sources depending upon the availability of the differ-
ent RE sources. Some RPSs will specify the technology mix, while others leave it up 
to the market. Currently there are 33 states in the USA plus the District of Columbia 
that have RPS requirements or goals in place. While the first RPS was established in 
1983, the majority of states adopted or strengthened their standards after 2000. A 
central component of an RPS in the USA is the RE requirement that RE development 
be implemented through a system of tradable renewable electricity credits (RECs). 
Retail electricity sellers can satisfy the RPS requirement by either generating renew-
able electricity themselves or by purchasing RECs from other generators.

�Chile

Chile provides another example of a nation that has adopted a RPS system to pro-
mote solar energy development. The country has an extensive coastline, and desert 
lands in northern Chile offer some of the best conditions for solar power develop-
ment anywhere in the world. The Chilean government originally opened the door to 
small-scale renewable energy development in 2004 through the introduction of 
Short Law I (Law 19.940). This law enabled any electricity generator with the right 
to sell electricity into a deregulated market and exempted generators under 20 MW 
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from transmission tariffs normally required to be paid by a generator for the right to 
be connected to the transmission grid. Subsequent to Short Law I, the NCRE Law 
(Law 20.257) was adopted in 2008 and was specifically tailored to increase the 
share of electricity on the Chilean grid generated from RE sources.

�Non-Conventional Renewable Energy Law (Law 20.257) (2008)

The national government has been active in promoting development of northern 
Chile’s solar resources by offering financial security to international solar develop-
ers via loan guarantees and subsidies for projects under a Support for Non-
Conventional Renewable Energy Development Program (IRENA 2015c). In April 
2008, Chile enacted Law 20.257, otherwise known as the Non-Conventional 
Renewable Energy (NCRE) Law, created to promote the development of RE sources 
such as solar, wind, and geothermal by setting a minimum renewable portfolio stan-
dard (RPS) for all electricity producers in the country of 5% by 2014, increasing 
0.5% annually (IRENA 2015d). The RPS originally came into force in 2010 and has 
since been amended to require all large electric utilities (greater than 200 MW oper-
ational capacity) to achieve a 20% RPS by 2025, equal to a 1.5% increase annually 
from 2015 to 2025 (IRENA 2015d).

Electricity generators are to satisfy the RPS requirements through either con-
struction of their own facilities or by contracting with third parties for the purchase 
of their production. The NCRE Law has capped hydropower generation in Chile that 
can be counted toward utilities’ RPS requirements for projects no more than 20 MW 
in net capacity; however, hydropower generating stations that are between 20 MW 
and 40 MW may still count the first 20 MW generation block toward RPS require-
ments. With approximately 33% of electricity already generated in Chile from 
renewable hydropower sources, this NCRE Law provision forces utilities to pursue 
development of a broader mix of RE sources such as solar and wind that contributes 
to a more diversified RE generation portfolio. If utilities are unable to meet their 
RPS target, they are fined 16,176 CLP/MW/year ($31.90 CAD/MW/year) for the 
difference between their realized annual renewable electricity generation and that 
required under their RPS requirements for that year.

Despite the efforts by the Chilean government in recent years to promote renew-
able energy development, it is anticipated that the country will not achieve the RPS 
targets set under the NCRE Law. Utilities will instead simply pay the fines for not 
meeting their targets. Despite the creation of a new Ministry of Energy in 2010 and 
dedication of considerable resources to attracting renewable energy developers to 
Chile, a number of technical, financial, and institutional barriers still face prospec-
tive developers, notwithstanding the reforms brought under the Short Law I and the 
NCRE Law (von Hatzfeldt 2013). While almost 9% of Chile’s electricity generation 
in 2014 was from renewable energy sources, this is still significantly less than the 
20% by 2025 target set by NCRE Law amendments in 2013. In light of this, the 
Chilean government has considered a call for tenders from renewable energy devel-
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opers for a series of PPAs to entice renewable energy developers with guaranteed 
rates of return (Nielsen 2013). Banks and other financial institutions are often far 
more willing to loan money at lower interest rates for projects with a guaranteed rate 
of return rather than those at the mercy of a market as in the deregulated spot elec-
tricity market in Chile. While Chile is set to become the largest solar power pro-
ducer in Latin America, with over 400 MW of solar capacity set to be operational 
by year-end 2016, it remains unclear as to how the Chilean government plans to 
meet the balance of its target renewable energy capacity by the original target dates 
(Nielsen 2013).

�Periodic Call for Tenders

A third basic approach used by governments to finance RE development is a peri-
odic call for tenders from RE developers. A call for tenders is used in jurisdictions 
with large state-owned utilities. Rather than guarantying a specific price per kWh for 
all developers and grid access once operational as under a FIT program, or legislat-
ing utilities to supply or purchase from a third party a certain percentage of their 
electrical generation through an RPS system, periodic auctions or a call for bids 
from RE developers is used often in jurisdictions with large public utilities. 
Governments establish a specific generation capacity or portfolio mix it intends to 
build and then proceed to choose from invited proposals from proponents, whose RE 
projects will be awarded guaranteed purchase and grid connection agreements, usu-
ally in some form of a PPA contract similar to that issued under a FIT program. A 
government will usually begin by issuing a request for an expression of interest 
(RFEOI) from RE developers to garner industry support in developing certain RE 
sources within their jurisdiction. Should the RFEOI yield sufficient interest, the gov-
ernment may proceed to issue a request for proposals (RFPs) from developers which 
typically have a host of details for content to be submitted in a proposal and the 
evaluation criteria that the determining body plans to use in selecting projects. 
Successful applicants are typically awarded some form of a power purchase agree-
ment (PPA) that guarantees a certain price for electricity output from the project for 
a specific number of years. The price is usually set on a case-by-case basis after 
negotiations between the project proponent and government or public utility. One 
major advantage of the call for tender process is that a government or public utility 
is able to defer significant costs associated with upstream project planning. As well, 
while a government or public utility may provide an outline of what they are looking 
for in terms of total generating capacity, project size, and type by issuing an RFEOI 
or RFP, a privilege clause may be used that provides the issuer with significant dis-
cretion in terms of project selection or even whether to select any projects at all.24

24 For a broad summary of “privilege clause” utility in Canada, for example, see M.J.B. Enterprises 
Ltd. v. Defense Construction (1951) Ltd., [1999] 1 S.C.R. 619.
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�One Other Challenge to RE Development for Some Nations: 
International Trade Agreement Obligations Under GATT

In 2006, Ontario was the first Canadian province to adopt a Renewable Energy 
Standard Offer Program (RESOP), which ultimately paved the way for its feed-in 
tariff (FIT) program in 2009. Ontario has promoted RE development through a 
combination of FITT and RPS initiatives. The Ontario FIT program has prompted 
wind development on Wolfe Island and in other areas along the shoreline along with 
solar development elsewhere in the province. In 2006 the Ontario Power Authority 
(OPA) launched the Renewable Energy Standard Offer Program (RESOP) to make 
it easier for small RE generating facilities to participate in the electricity supply 
system through local electricity distributors (IRENA 2015a). Developers of solar, 
wind, additional hydropower (waterpower under the RESOP), and biomass projects 
from 1 kW to 10 MW in capacity were eligible for a fixed per kWh rates – CAD 
42¢/kWh for solar photovoltaic (PV) systems and from CAD 3.52¢/kWh to CAD 
11.08¢/kWh for wind, waterpower, and biomass, depending on peak or off-peak 
grid hours. The rates were guaranteed to developers of RE projects by 20-year con-
tracts with the OPA. As North America’s first true FIT program, the RESOP aimed 
to generate 1000 MW of new RE generation capacity over a period of 10 years. In 
a little more than one year, however, contracts for RE projects representing over 
1300 MW of new generation capacity had already been signed with the OPA. By 
January 2009, this figure had reached 604 contracts totaling 1518  MW of new 
capacity. By RE technology source, RESOP has supported 106 wind energy proj-
ects totaling 813 MW, 434 solar PV projects totaling 527 MW, 33 bioenergy proj-
ects totaling 99.5 MW, and 31 hydro projects totaling 78 MW. After a review by the 
Ontario government in 2009, the RESOP was extended to the Ontario feed-in tariff 
(FIT) program with a new FIT regime for a variety of RE technologies and expanded 
eligibility for microgeneration projects.

In 2009, The Green Energy and Economy Act (or Green Energy Act) (GEA) was 
adopted in Ontario, Canada, to further promote RE development under a provin-
cial FIT Program (Bosworth 2010). Premiums were paid for electricity generated 
from various RE sources, including rooftop and ground-mounted solar PV, wind, 
waterpower, biomass, on-farm and off-farm biogas, and landfill gas. Successful 
project applicants were awarded PPAs that guaranteed the offered FIT Program 
premiums for electricity generated from these projects for a period of 20 years 
once operational and contained a domestic content manufacturing requirement 
(DCR) that between 50% and 60% of RE project goods and services by cost be 
sourced from Ontario manufacturers and service providers (Timmins and Kirsh 
2012). Initial premiums ranged from CAD 10.3¢/kWh for landfill gas projects 
larger than 10  MW to 80.2 CAD¢/kWh for residential solar rooftop projects 
smaller than 10  kW, with rates set to be reviewed annually by the Ontario 
Independent Electricity System Operator (IESO) based on electricity grid demand 
and transmission planning requirements, changing project development costs for 
different RE technologies, and ongoing monitoring of project applications from 
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developers to ensure a balanced RE generation portfolio mix from different 
sources. The FIT Program also provided specific incentives in the form of a “price-
adder” ranging from CAD 0.5 to 1.5¢/kWh on top of FIT Program rate premiums 
for aboriginal- and community-based projects in which the local group claims at 
least a 15% equity share in the project. The price-adder mechanism was meant to 
increase efforts by RE project developers to consult with communities in which 
their projects are located and attain local buy-in or a social license to sometimes 
controversial projects (e.g., wind). Even with the price-adder mechanism, how-
ever, Ontario has experienced a substantial increase in litigation related to RE proj-
ects since enactment of the GEA, especially in regards to large wind energy 
projects. Opponents have brought forth a variety of legal arguments in regards to 
these projects, mostly revolving around some form of perceived negative health 
and safety effects, visual impacts on local property and decreases in land values, 
encroachment on endangered and/or at-risk species habitat, threats to bird or bat 
populations, or just general opposition to wind energy development in certain 
regions – otherwise known as “not-in-my-backyard” (NIMBY).25

Soon after the adoption of the GEA in Ontario, the provincial government began 
facing increasing scrutiny after a surge of applications from RE project proponents 
interested in pursuing highly attractive FIT rates, particularly those developing solar 
PV. The new PPAs awarded under the FIT Program to large solar and wind farm 
developers were being blamed by industry and consumer groups for escalating elec-
tricity prices in Ontario. Much debate existed about the degree to which FIT Program 
PPAs had increased the cost paid by electricity consumers in Ontario (OEB 2012; 
Bridgepoint Group 2012, ECO 2011), and the GEA became a key election issue in 
the 2011 Ontario provincial election, with the provincial Progressive Conservative 
(PC) Party campaigning on a platform that included eliminating the GEA and the 
FIT Programs (Howlett and Ladurantaye 2011). A 2 year review of the FIT Programs 
was announced and culminated in the reduction of rates for rooftop and 
ground-mounted solar PV of various sizes from 10% up to 32% for solar PV proj-
ects <10 kW and for wind of all sizes by 15%. Tariffs for all other RE technologies 
remained the same. In 2013, a 2 year review of the FIT Programs brought a renewed 
focus on small and medium scale projects via the elimination of FIT Program rates 
for projects larger than 500 kW in capacity (Timmins and Blumer 2013). Developers 
of RE projects larger than 500 kW would now be subject to a competitive procure-
ment process in which the OPA will make periodic calls for tenders to RE develop-
ers based on recommendations made by the IESO. Consideration of applications for 
FIT-eligible RE projects between 10 and 500 kW and all microFIT projects would 
continue as before, although a 900 MW target of additional RE capacity by the end 
of 2018 was set, after which applications for these projects will presumably be 
restricted as well. Under the 2 year RE program review in 2013, rates for electricity 
from solar and wind sources were also further decreased, while rates for electricity 

25 See, for example, Hanna v Ontario (Attorney General), 2010 ONSC 2660; or Kenney v Municipal 
Property Assessment Corp., Region No. 05, 2012 CarswellOnt 3747; or Drennan v Director, 
Ministry of the Environment, 2014 CarswellOnt 1695.
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from waterpower, biomass, biogas, and landfill gas were all increased in order to 
stimulate their development of these RE resources. The 2015 2-year review process 
remains ongoing, with results and recommendations due in early 2016 (IESO 2015).

In addition to the debate surrounding the escalating costs to electricity custom-
ers, government policies and laws to promote RE development in Ontario prompted 
an international trade dispute after Japan brought a challenge before the (WTO) in 
September 2010 on the basis that the DCR of the GEA discriminated against foreign 
firms in the RE industry contravening the General Agreement on Tariffs and Trade 
(GATT) 1994 and the Agreement on Trade-Related Investment Measures (TRIMs). 
In 2011, the European Union also joined Japan in challenging the GEA DCR provi-
sions on behalf of member states such as Denmark, Germany, and Spain (with large 
RE industries). As an original signatory of the GATT 1947 and a founding member 
of the WTO in 1995, Canada is bound by the general trade rules of the GATT 1994 
(the modern day successor to GATT 1947) and legally bound to abide by decisions 
from WTO tribunals concerning its domestic industries and trade practices. While 
GATT 1994 forms the umbrella treaty governing WTO oversight of the interna-
tional trade of goods, the Agreement on TRIMs concluded at the end of the Uruguay 
Round of GATT negotiations in 1994 also is a key element of WTO oversight. The 
Agreement on TRIMs prohibits any TRIMs that are inconsistent with Articles III or 
XI of GATT 1994 and serves to restrict certain investment measures that distort the 
trade of goods. In effect, the Agreement on TRIMs is a set of rules that prevents 
WTO member countries from favoring domestic firms over international competi-
tors within domestic industries covered by the GATT 1994.

When first adopted in 2009 by the Ontario government, the Green Energy Act 
provided that all RE projects under the provincial FIT Program have between 50% 
and 60% of project goods and services by cost be sourced from Ontario-based man-
ufacturers and service providers (Timmins and Kirsh 2012). While the purported 
aim of the domestic content provisions was to stimulate the creation of ‘green” jobs 
and employment in Ontario – with a particular focus on the replacement of jobs in 
the declining manufacturing sector of southwestern Ontario – the domestic content 
provisions unfortunately contravened Canada’s trade obligations under GATT 1994 
and the Agreement on TRIMS.

Under the Canadian constitution as the national government has jurisdiction over 
international trade matters, the federal government represented the regional Ontario 
government in the dispute and argued that the Domestic Content Requirements 
(DCR) under the FIT Program were not subject Article III:4 of GATT 1994. The 
basis of this argument was that because the primary aim of the FIT Program was to 
secure a clean RE supply of electricity for Ontario consumers and not for the inter-
national commercial sale of RE equipment, and the program qualified under Article 
III:8(a) of GATT, which excuses national treatment obligations with regard to pro-
curement by governmental agencies of products for governmental use. The electric-
ity industry in Ontario as in many other jurisdictions is a monopoly. However, in 
May 2013, a World Trade Organization (WTO) tribunal ultimately ruled against 
Canada in favor of Japan and EU in concluding the DCR for investment in the pro-
duction of RE technology in Ontario and that contracts under the FIT program, by 
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favoring the use of domestic over imported products, are in fact “trade-related” and 
therefore not exempt under Article III:8(a) (Kanargelidis et al. 2013; WTO 2012). 
As a result, the WTO found Canada in violation of Article III:4 of GATT and Article 
2.1 of the Agreement on TRIMs. In June 2013, the Ontario government announced 
that it would comply with the WTO ruling to avoid any potential trade sanctions 
against Canada as a whole and removed all DCR provisions from new FIT and 
microFIT Program contracts. While the DCR provisions in the FIT Program attempt 
to promote RE development by cultivating a domestic RE manufacturing and ser-
vice industry in Ontario, the recent trade dispute serves as an important reminder of 
how RE policies and law cannot be developed in a vacuum and are subject to exist-
ing national and international trade agreements frameworks and treaty obligations.

�Conclusion

Historically on islands that lack domestic fossil fuel reserves such as Japan and 
Iceland, governments have created policies and adopted laws to promote RE devel-
opment to provide national energy security. In this chapter we have examined how 
government policies and laws have played an important role in facilitating RE 
development. Geothermal and wind provide examples of two important RE 
resources that have a proven track record of electricity production on islands. As has 
been the case with other sources of energy, the potential for developing RE on 
islands depends upon the availability and cost of competing sources of energy such 
as fossil fuels and the availability and intensity of the specific RE resource itself 
such as wind that will vary according to the geographic position and geology of the 
island.

As with larger island nations, economic challenges faced by governments of the 
Small Island Developing States include higher diesel costs due in part to higher 
transportation costs. Recently solar energy development on small remote islands 
has increased. In addition to securing financing for solar RE projects on remote 
islands, one additional challenge on islands subject to hurricanes is the damage to 
roof tops and solar PV panels from strong winds. The availability of financing for 
solar projects either from national governments or through international assistance 
can be an important factor in whether solar development proceeds on a remote 
island. The potential for hurricane damage should be an important planning consid-
eration for the placement of panels to minimize damage in hurricane prone areas. As 
water is required to clean the solar panels for optimal electricity generation, water 
usage is also a consideration for solar projects on islands with limited water sup-
plies. In addition to electricity generation, solar energy has been used for many 
years in solar hot water systems, a second benefit from developing this RE resource.

As nonsaline water is a limited and precious resource on numerous remote 
islands, the energy-water nexus should be considered when planning for solar 
energy and geothermal projects. One important consideration in wind and solar 
development is the variability in generating capacity and the availability of alternate 
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energy sources that can be brought online to maintain a reliable electricity supply 
for customers. Unlike solar and wind, geothermal energy has the advantage of pro-
viding ongoing electricity generating capacity which in part may explain the exten-
sive development of geothermal energy on volcanic islands where the geothermal 
resource is available.

Geothermal energy is one of the RE resources that has been developed on numer-
ous islands for several decades. Favorable island geology which includes volcanic 
rocks is an important factor in determining whether economic development of the 
geothermal resource is viable. The Icelandic geothermal energy policy and regula-
tory framework has provided a useful template for other island governments inter-
ested in developing their geothermal energy resources. More than four decades ago, 
to attract investment in geothermal energy development on the remote island, the 
government of Iceland has created certainty in the legal framework surrounding 
geothermal rights to provide to prospective geothermal developers with sufficient 
incentive to make the significant capital investment in a geothermal power plant. In 
Iceland another important factor that has contributed to the success of geothermal 
development on the island is a supportive government policy and an associated legal 
framework that assigns geothermal energy ownership rights to surface land owners 
in the same manner that subsurface mineral rights are allocated to minimize dis-
putes that could delay and frustrate geothermal development. In the Philippines, 
geothermal energy has resulted in water contamination at some sites.

With regard to wind energy development, Samso Island in Denmark provides an 
example of successful wind and biomass energy development, and Ramea Island 
and Prince Edward Island in Canada provide examples of technological innovation 
in wind energy technology that has led to successful wind energy projects on small 
remote islands. Government support for wind energy in both countries has been 
critical to successful electricity generation. Tidal energy has not been developed to 
the same level on remote islands as geothermal and wind resources and is currently 
an active area for experimentation and technological innovation.

While minor differences exist in the countries that we have discussed with 
respect to policies designed to promote RE development and the laws that provide 
the framework to implement the policies, the following three general approaches 
have been used by numerous governments to facilitate RE development at the 
national level:

	1.	 Feed-in tariff (FIT) programs
	2.	 Renewable portfolio standard (RPS) systems
	3.	 Periodic calls for tenders from renewable energy developers

Germany, Denmark, Japan, the USA, Canada, and Ecuador provide a few exam-
ples of countries where governments have adopted feed-in tariff (FIT) programs. 
Under this type of program, the government typically provides an ongoing open 
offer to RE developers that RE projects will be connected to the main transmission 
grid once operational with the cost usually borne by the utilities, not the RE devel-
opers. Frequently there is a right of first purchase (ROFP) or priority grid access to 
ensure that all generated electricity is sold. Often, premiums (i.e., tariffs on the 
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purchasing utility or downstream customer) are offered for electricity from RE proj-
ects which guarantees a minimum price per kilowatt-hour (kWh) above the average 
grid electricity price that varies by RE technology. The FIT rates are often set to 
correspond to calculated break-even costs for certain RE technologies to assist proj-
ect developers in recovering upfront capital costs that are often substantially higher 
than those for electricity producers with plants that operate on fossil fuel-based 
sources. These premium rates are often offered to individual project developers for 
a period of 15–20 years that are guaranteed under either a contractually binding 
power purchase agreement (PPA).

As one of the first actors to adopt a FIT system and the Electricity Feed-in Law 
of 1991, Germany has a longer history of RE policy experimentation than most 
countries in the world – particularly with regard to FITs that have become popular 
in many jurisdictions around the world. Germany is widely regarded as having the 
most successful RE development track record of any country in the world. During 
the last 25 years, Germany, a nation with extensive coastal RE development, has 
been a pioneer in the creation and refinement of FIT programs and has continually 
revised its RE policy and legislation as technological innovation and experience 
from the deployment of RE wind and solar technology have provided insight to 
improve the effectiveness of the FIT program. The German FIT system has influ-
enced the Danish RE industry including wind development on islands such as 
Samso Island discussed earlier in the chapter. Starting in the mid-1970s, Denmark 
invested heavily in wind power generation and has been a world leader in the field 
ever since (DWIA n.d.). In 2014, wind power supplied 39% of all electricity con-
sumed in Denmark (DWIA 2015), and Danish wind power expertise has become a 
key economic driver in the country, prompting the creation of companies such as 
Vestas Wind Systems, the largest wind turbine manufacturer and servicer in the 
world as of 2015 (Vestas 2015), as well as numerous other wind power service sec-
tor companies. The Danish experience with RE closely mirrors that of Germany, a 
country that is widely regarded as one of the most innovative jurisdictions in the 
world with regard to RE development. As Germany has been very successful in 
promoting coastal wind energy development and continues to be a world leader in 
developing and implementing RE, governments and regulators interested in 
promoting RE development including those that manage RE development on remote 
islands should reflect on the German RE experience.

A second common approach used by governments to facilitate RE development 
has been the creation of renewable portfolio standards (RPS). In a RPS system, the 
government usually sets renewable electricity generation goals as a certain percent-
age of annual electricity generation to be achieved by a certain date. A 3–5-year 
grace period between the date of the announcement and the first goal threshold to be 
achieved to allow utilities in the jurisdiction to either individually develop renew-
able energy projects to add to their electricity portfolio mix or to purchase renew-
able electricity certificates (RECs) from third-party project developers that they can 
be claimed as credit equivalents toward their RPS requirements. After the grace 
period ends, the RPS target for each utility increases annually or every 3–5 years, 
although these increases are frequently subject to future changes based on the cost 
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of electricity in some jurisdictions, the feasibility of utilities attaining RPS targets, 
or the availability of RECs for purchase. A utility that fails to meet their RPS 
requirements is often subject to heavy fines or other fiscal consequences. RPS sys-
tems are common in jurisdictions with private utilities and liberalized electricity 
markets or power trading pools. Japan, the USA, and Chile provide examples of 
countries that have adopted RPS systems to promote RE development.

The third basic approach used by governments to finance RE development that 
we have considered is a periodic call for tenders from RE developers. A call for 
tenders is used in jurisdictions with large state-owned utilities. Rather than guaran-
tee a specific price per kWh for all developers and grid access once operational as 
under a FIT program or legislating utilities to supply or purchase from a third party, 
a certain percentage of their electrical generation through an RPS system, periodic 
auctions, or a call for bids from RE developers is used often in jurisdictions with 
large public utilities. Governments establish a specific generation capacity or port-
folio mix it intends to build and then proceed to choose from invited proposals from 
proponents, whose RE projects will be awarded guaranteed purchase and grid con-
nection agreements, usually in some form of a PPA contract similar to that issued 
under a FIT program. Successful applicants are typically awarded some form of a 
power purchase agreement (PPA) that guarantees a certain price for electricity out-
put from the project for a specific number of years. The price is usually set on a 
case-by-case basis after negotiations between the project proponent and govern-
ment or public utility. One major advantage of the call for tender process is that a 
government or public utility is able to defer significant costs associated with 
upstream project planning.

In some countries a combination of the basic approaches discussed above has 
been used by governments. One other obstacle to RE development that we have 
considered is the 2012 WTO decision under GATT in which the panel concluded 
that the domestic content requirements for equipment used in RE projects directed 
toward increasing RE development in the jurisdiction under consideration were 
contrary to international trade agreement obligations. The decision undermines the 
efforts of governments attempting to increase domestic support for RE development 
by enhancing the benefits of domestic RE development.
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Chapter 6
Using Life Cycle Assessment to Facilitate 
Energy Mix Planning in the Galapagos Islands

Eduard Cubi, Joule Bergerson, and Anil Mehrotra

�Introduction

The population in the Galapagos Islands has increased by one order of magnitude in 
the last 50 years (from 2400 in 1962 to 26,600 in 2012) largely due to demographics 
and a relatively strong economy based on tourism. In turn, the annual number of 
tourists has increased from 20,000  in 1980 to 140,000  in 2006 (Carrion 2007). 
These increases translate into a sharp increase in energy use in the archipelago. 
Total primary energy consumed in the Galapagos in 2006 was approximately 
1.5 × 106 GJ, which is 1.5% of the annual energy use in Ecuador. Eighty percent of 
the energy consumed in the Galapagos was in the form of fuel for transportation 
(diesel and gasoline used in ships and motor boats), while the remaining 20% was 
diesel use for electricity generation. Diesel and gasoline are shipped by tankers 
from mainland Ecuador through very sensitive marine ecosystem surrounding the 
Islands. Historically, there have been several oil spills in the Galapagos, with the 
most significant being the spill from the Tanker “Jessica” in 2001.

This released 175,000 gallons of diesel and killed 60% of the iguanas in the 
archipelago (Hecht 2002; Lewis 2013; Lewis and Galapaface 2014). In addition to 
a high risk of oil spills and subsequent environmental and economic costs, using a 
GHG-intensive energy carrier such as diesel for both marine transportation and 
electricity generation contributes to climate change. The Galapagos is likely to be 
affected by sea level rise in the context of climate change. This, combined with its 
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high influx of international visitors, makes the Galapagos a good candidate to 
become a world leader in responsible decision-making related to energy systems.

Since 2004, initiatives have been in place to reduce diesel import and use in the 
Galapagos. Over the past 15  years, the ERGAL (“Energias Renovables para las 
Galapagos”, Renewable Energy for the Galapagos) project has been a collaborative 
initiative (Ministerio de Electricidad y Energia Renovable et al. 2015) of the Ministerio 
de Electricidad y Energia Renovable, the United Nations Development Program, the 
Global Environmental Facility and the Consejo Nacional de Electricidad. ERGAL 
promotes renewable electricity generation projects in the archipelago, but to date has 
not addressed energy use in marine transportation which is the main source of diesel 
imports. In order to enable more informed energy policy decisions that account for 
the full environmental and cost implications of energy supply and use in the Galapagos, 
alternatives to diesel and gasoline imports should be identified and assessed with a 
consistent set of criteria and include a wide range of environmental and economic 
impacts. Life cycle assessment (LCA) is a method grounded in decision analysis that 
can be used to evaluate the environmental impacts of a product or process from the 
initial extraction of resources through to the disposal of unwanted residuals.

The objective of this paper is to introduce LCA as a relevant tool to inform energy 
system decision-makers about sustainable energy mix potential. Energy mix is 
defined as a combination of energy sources and conversions that create a mix of 
energy supply pathways to meet the demand for energy services in a given location, 
which, in this case, is the Galapagos Islands. The potential value of LCA is illustrated 
using a high-level assessment of the GHG emissions associated with several energy 
options in the Galapagos Islands which provides first approximations of costs, a 
qualitative discussion marine spill risks and recommendations for future LCA use.

�An Introductory Summary of Life Cycle Assessment

Life cycle assessment (LCA) is “a systematic set of procedures for compiling and 
examining the inputs and outputs of materials and energy and the associated envi-
ronmental impacts directly attributable to the functioning of a product or service 
system throughout its life cycle” (International Organization for Standardization 
2010). The three main stages in a life cycle assessment are:

•	 Goal and Scope Definition
•	 Life Cycle Inventory (LCI)
•	 Impact Assessment

�Goal and Scope Definition

This is an explicit statement of the purpose and scope of the study. The scope 
describes the specific characteristics of the study, which must be defined consistent 
with the intended application. For example, the assessment method must be defined 
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so that the results can respond to the research question. Technical details identified 
in the scope definition should include:

–– The functional unit which quantifies the service delivered by a product or a ser-
vice and is the basis of comparison for the different options under assessment

–– The system boundaries such as life cycle stages and processes included in the 
assessment

–– The impact categories (types of environmental impacts) considered
–– The level of detail, assumptions, and limitations

�Life Cycle Inventory (LCI)

This is the quantification of the energy, raw material, and water inputs as well as the 
outputs to air, land and water associated with each life cycle stage of a product or a 
service. The LCI usually involves the development of a model of the technical sys-
tem under study (including energy and mass balance for the system) and extensive 
data collection and calculations. While the model and derived calculations are 
incomplete simplifications of the actual system, they should include all the environ-
mentally relevant flows identified in the initial LCA goal and scope definition.

�Impact Assessment

Translates the LCI input and output flow results such as litres or gallons of diesel 
spilled into potential environmental impacts (such as toxicity to aquatic life).

As such, LCA results can be used to compare alternative products, technologies 
or pathways for the same service (functional unit) and identify opportunities to 
reduce energy and material inputs or environmental impacts at the different stages 
of product or service life cycle.

�Goal and Scope Identification for Energy Supply Options 
to the Galapagos

The objective is to compare the environmental impacts and economic viability of a 
set of options to replace diesel shipments into the Galapagos Islands. This analysis 
is meant to facilitate further dialogue within the region about the trade-offs involved 
in sustainable energy system decisions. The scope includes total annual fuel ship-
ments into the Galapagos for both power generation and transportation. Specifically, 
the functional unit is 1  year of total energy supply in the Galapagos Islands 
(1.5 × 106 GJ/yr) (Carrion 2007).
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The environmental impacts and costs of different energy mix alternatives are 
assessed from “cradle to grave” or from extraction of resources through to end use. 
The GHG emissions for the alternatives energy pathways identified (natural gas, gas 
to liquids and Jatropha biodiesel) were assessed quantitatively. The costs are dis-
cussed but have a high level of uncertainty. Potential risks associated with marine 
spills are also discussed qualitatively.

�The Energy Mix Options

For LCA demonstration purposes, current diesel and gasoline imports for electricity 
generation in the Galapagos are compared with two alternative energy pathways:

–– Natural gas imports for electricity generation in the Galapagos and gas to liquids 
conversion in the Galapagos for transportation purposes

–– Biodiesel imports from mainland Ecuador for electricity generation and trans-
portation purposes in the Galapagos

In order to compare these two alternatives with the current energy baseline, the 
assessment of environmental impacts and costs of these three pathways (the two 
alternatives  +  baseline) include the same life cycle stages from extraction of 
resources to energy end use in the Galapagos.

The specific details of the analysis, such as all the numeric assumptions associ-
ated with each pathway, are not provided in this paper. Instead, the pathways are 
described qualitatively, starting with some background on resource availability in 
the Galapagos and Ecuador and following with the assumed energy transformations 
up to the final energy use in the Galapagos Islands. Only the main sources of data 
are cited. Each of the three pathways identified together with the main assumptions 
made in LCA assessment are described as follows.

�Pathway One: Baseline Diesel and Gasoline Imports 
from Ecuador Mainland

Ecuador is a net exporter of crude oil. However, due to its very limited refinery 
capacity, it is a net importer of refined oil products, mainly from the United States 
(Energy Information Administration 2014). The baseline pathway assumes that 
crude oil is extracted in Ecuador and fuel products (diesel and gasoline) are pro-
duced in refineries located in the United States, shipped to mainland Ecuador and 
then to the Galapagos Islands by marine tanker. Diesel is then combusted in the 
Galapagos for electricity generation and in internal combustion engines for trans-
portation fuel. Gasoline is consumed in the Galapagos for transportation fuel only 
by small boats.
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Total energy demand (diesel and gasoline) in the Galapagos is based on 2006 
data (Carrion 2007). Estimates of upstream emissions for diesel and gasoline 
production and emissions from freight transportation of liquid fuels are based on 
Natural Resource Canada GHG calculations (Natural Resources Canada 2014). 
Emission factors for diesel and gasoline using GHG emissions per unit of energy 
are based on US Environmental Protection Agency guidelines (US Environmental 
Protection Agency 2004).

�Pathway Two: Natural Gas and Gas to Liquids

This pathway assumes that natural gas (as opposed to diesel) is the main energy 
source is shipped into the Galapagos Islands. Compared to other fuels, natural gas 
is relatively cheap and clean with the lowest GHG emissions per unit of energy 
among fossil fuels (US Environmental Protection Agency 2004). Liquefied natural 
gas (LNG) markets have been growing quickly and making natural gas a real option 
even in relatively remote areas.

Ecuador has relatively small proven natural gas reserves and a very limited natu-
ral gas market (Energy Information Administration 2014). Low natural gas utiliza-
tion rates in Ecuador are due mainly to a lack of infrastructure to capture and market 
natural gas. Therefore, in a natural gas-based scenario, the original source of natural 
gas would likely be a natural gas exporter such as the United States or Canada. 
There are different alternatives for transporting natural gas. Liquefied natural gas 
(LNG) tankers are most common in marine natural gas transportation. LNG requires 
capital intensive liquefaction and regasification facilities, but the very high volume 
ratio of liquefied natural gas (approximately 610:1) makes the transportation by 
tanker itself very effective in terms of cost per MJ of natural gas transported per 
kilometre. LNG is a preferred option for large-scale long distance natural gas trans-
portation projects due to the high fixed costs relative to variable costs in LNG trans-
portation systems (Energy Information Administration 2003; US Department of 
Energy 2005). In contrast, compressed natural gas (CNG) systems have a much 
lower volume ratio (as low as 2:1). CNG does not require expensive infrastructure 
at both ends of the supply chain (liquefaction and regasification), but the low vol-
ume ratio makes vessel transportation less effective. Therefore, CNG systems are 
generally suitable for small scale regional gas delivery projects (EnerSea Transport 
LLC 2015; SeaNG—Coselle 2015).

Even if natural gas was used to replace the total diesel and gasoline consumption, 
the annual demand of natural gas in the Galapagos would be smaller than the capac-
ity of a single (typical) LNG tanker. Therefore, this pathway assumes that natural 
gas replaces oil for electricity generation on the Ecuador mainland as well as in the 
Galapagos. In order to make the natural gas option more feasible, this assumption 
increases natural gas demand by approximately a factor of 70 compared to the 
demand in the Galapagos alone. This pathway assumes that natural gas is imported 
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from Canada to mainland Ecuador in the form of LNG. GHG emissions and costs of 
LNG transportation are allocated based on the natural gas demands in the Galapagos 
and mainland Ecuador, respectively. This pathway also assumes natural gas will be 
transported from mainland Ecuador to the Galapagos Islands by compressed natural 
gas (CNG) vessels. A fraction of the natural gas used in the Galapagos is converted 
to liquid fuels for transportation purposes, and the remainder is used for electricity 
generation by natural gas-fired power plants.

Total energy demand using natural gas as a substitute for diesel and gasoline 
(Carrion 2007). Similarly, estimates for upstream emissions for natural gas are 
based on Natural Resource Canada (Natural Resources Canada 2014), and emis-
sions from natural gas liquefaction, transportation as LNG and regasification are 
based on a variety of sources (Jaramillo et al. 2007; Hasan et al. 2009; Abrahams 
et al. 2015). Emissions associated with the gas-to-liquids conversion and final use 
are based on Forman et al. (2011). Emissions from natural gas combustion for elec-
tricity generation and transportation are based on US Environmental Protection 
Agency calculations (US Environmental Protection Agency 2004).

�Pathway Three: Jatropha Biodiesel

The third alternative pathway evaluates the potential use of biodiesel to replace 
diesel as the main energy carrier into the Galapagos. Biofuels absorb CO2 during 
feedstock growth which reduces their life cycle GHG emissions. Jatropha curcas 
(“pinon”) is a bush that grows naturally and abundantly in mainland Ecuador and 
particularly in the relatively poor area of Manabi. One of the projects within the 
ERGAL initiative aims to retrofit diesel engines for electricity production so that 
they can run on pure Jatropha oil (Deutscher Entwicklungsdienst and Vereinigte 
Werkstätten für Pflanzenöltechnologie 2008). However, extending this initiative to 
retrofit diesel engines in ships and boats may not be operationally feasible as these 
ships are not publicly owned. It would be technically challenging to retrofit internal 
combustion engines. Therefore, this pathway assumes the use Jatropha biodiesel 
instead of pure Jatropha oil and Jatropha biodiesel which would be shipped from 
the mainland to the Galapagos Islands for transportation fuel and electricity genera-
tion. Total energy demand of biodiesel as a substitute for diesel and gasoline in the 
Galapagos and estimates of emissions associated with Jatropha production and bio-
diesel production are based on Carrion (2007) and Whitaker and Heath (2009). 
Emissions from marine fuel transportation and emission factors from biodiesel 
combustion have been taken from Natural Resources Canada (2014) and US 
Environmental Protection Agency (2004). Figure  6.1 summarizes the assumed 
steps and energy transformations in the three energy supply pathways assessed 
using LCA.
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Fig. 6.1  Three pathways for LCA demonstration
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�Life Cycle Inventory Sample Calculation

A model for each of the energy mix options was developed in the life cycle inventory 
(LCI) stage of the LCA. For the purposes of illustrating the potential for an LCA 
approach to sustainable energy mix design, the general method used for LCI calcula-
tion of the CO2 emissions from electricity generation in pathway one (baseline) is 
described as follows. The baseline pathway (pathway one) assumes that diesel is 
burned in distributed electricity generation units across the Galapagos Islands, and 
the quantification of the associated CO2 emissions can be described as follows:

•	 Annual diesel use (2006 data) for electricity generation in the Galapagos is 
obtained from (Carrion 2007):

–– 2.7 × 1011 BTUdiesel/yr

•	 Diesel combustion GHG emissions factor is obtained from (US Environmental 
Protection Agency 2004):

–– 22.23 lb CO2/Gallondiesel

•	 CO2 emissions from electricity generation are calculated combining the factors 
above and unit conversions (where d is diesel):

𝐶𝑂2 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑓𝑟𝑜𝑚 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛
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In this example, the contribution of diesel combustion for electricity generation in the 
total life cycle GHG emissions of this pathway is 2.04 × 107 kg CO2/yr which is shown 
in the stacked columns in Fig. 6.2 (“Baseline diesel”/“Use for electricity generation”).

�LCA GHG Results

Figure 6.2 compares the life cycle GHG emissions associated with the three path-
ways evaluated. Figure 6.2 also shows the cumulative GHG emissions of each path-
way as well as the contributions of the individual phases.

Emissions of the three pathways are dominated by fuel use for transportation 
(61%) and electricity generation (15%). The upstream emissions (24%) are largely 
in the crude extraction and diesel production stages, while fuel transportation has a 
minimal contribution to overall GHG emissions.
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Relative to the baseline pathway, the natural gas pathway shows lower GHG 
emissions in the use phase (electricity generation and use for transportation) in both 
relative and absolute terms. Combustion of natural gas appears to be less GHG 
intensive than the combustion of diesel or gasoline. In contrast, the complex supply 
chain results in higher emissions in the upstream stages, which add up to 37% of the 
life cycle GHG emissions. Among the upstream stages, natural gas liquefaction and 
natural gas, which boil off during LNG transportation, are the largest sources of 
GHG emissions. All stages considered, the life cycle GHG emissions of the natural 
gas pathway are approximately 10% lower than the baseline pathway.

In absolute terms, the Jatropha biodiesel pathway has the same emissions in the 
use phase (fuel combustion for electricity generation and transportation) as the 
baseline pathway. Upstream GHG emissions from Jatropha crop production and 
biofuel production add up to 14% and 16% of the total GHG emissions, respec-
tively. This is higher than the upstream emissions in the baseline pathway, but the 
CO2 absorbed during feedstock growth offsets approximately 71% of GHG emis-
sions. Therefore, the net life cycle GHG emissions of the Jatropha biodiesel path-
way are approximately 69% lower than the baseline pathway.

�Discussion

The results of this high-level assessment of three alternative energy pathways for 
the Galapagos Islands suggest that Jatropha biodiesel has the lowest GHG emis-
sions (69% lower than the baseline), while the natural gas pathway results in moder-
ate GHG reductions relative to baseline (10% GHG emissions reduction). However, 
to fully understand energy mix choice implications, all three pathways will require 
a more comprehensive evaluation to include costs, performance and other social and 
environmental implications that go beyond the GHG emission scenarios presented 
in this paper.

Preliminary cost calculations suggest that natural gas pathway costs are approxi-
mately three times higher than baseline. This can be attributed to the high costs of 
liquefied natural gas (LNG) and compressed natural gas (CNG) transportation infra-
structure for the relatively small energy demand in the Galapagos (Economides 
2005). Should these preliminary cost estimates be confirmed by further inquiry, 
then the natural gas pathway would likely prove to be prohibitively expensive. In 
view of the potential environmental benefits and high economic costs of natural gas 
imports into the Galapagos, natural gas production in Ecuador could become a rel-
evant alternative. Domestic natural gas production in Ecuador would require build-
ing new infrastructure, but this pathway would save the costs and GHG emissions 
associated with LNG transportation.

Costs of the Jatropha biodiesel pathway could be similar to or possibly lower 
than the baseline pathway. Feedstock production accounts for approximately 75% 
of the biodiesel cost and is the driver of biodiesel economics (Koh and Mohd. Ghazi 
2011; Leduc et al. 2009; Cynthia and Teong 2011). Land and water requirements are 
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also need to be calculated into the Jatropha biodiesel pathway. For example, a pre-
liminary estimate suggests that the land use requirements for crop production to 
satisfy both the annual electricity and the transportation fuel demands could be in 
the 20–150 km2 range. This large range is due to the huge discrepancies in informa-
tion sources which are hard to rationalize because of unstated assumptions and con-
ditions related to these multiple source figures. Additional concerns include potential 
distortions in the bio markets related to farmers replacing food crops for fuel crops 
which could contribute to a decrease in local food supply and an increase in costs.

Risks of marine spills during fuel transportation exist for all three pathways. 
Natural gas spills would pose relatively low risks to the marine ecosystem compared 
to the diesel pathway (Sandia National Laboratories 2004). Biodiesel spills would 
generally be less toxic to marine plants and animals and have a faster biodegrada-
tion rate than diesel. However, as with diesel spills, birds, mammals and fish that get 
coated with biodiesel are at risk from hypothermia, food source contamination and 
vulnerability to predators (Von Wedel 1999).

�Conclusions and Future Work

Life cycle assessment is a potential tool for decision-makers in designing sustain-
able energy mix solutions. As illustrated in this paper, LCA has the potential to 
identify advantages and disadvantages of alternative energy source pathways. 
However, it requires a much more rigorous analysis than what is possible with cur-
rently available data. In order to fully utilize LCA in energy mix planning, the fol-
lowing information requirements need to be addressed through further work:

–– A more comprehensive understanding of the local Galapagos Islands marine and 
terrestrial environmental concerns and the risks associated with natural gas and bio-
diesel spills is required. Biodiesel or natural gas would in theory reduce risks associ-
ated with diesel marine spills. The relative benefits could not be quantified, and it is 
not clear if natural gas or biodiesel spills might have other impacts.

–– The social ecological and economic factors associated with the land and water 
requirements of growing Jatropha in mainland Ecuador need to be identified in 
collaboration with key local informants. The potential land and water use impacts 
associated with growing Jatropha could not be assessed without this information.

–– Future research needs to identify the cost factors and costs affecting the eco-
nomic competitiveness of different energy sources and opportunities to improve 
cost effectiveness in terms of $/kg CO2. The cost estimates used for this LCA 
demonstration are highly uncertain and need to be more fully understood.

Further collaboration with government, public and private sector stakeholders in 
both the Galapagos Islands and Ecuador is an important next step in identifying rele-
vant energy pathways and sustainable energy mix solutions as well as assembling the 
data and information necessary to enable a more detailed and comprehensive LCA 
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analysis. However, in spite of the limitations in this initial exploration, life cycle 
assessment illustrated some important insights into sustainable energy mix planning:

–– Energy mix options can be assessed from cradle to grave and with a consistent set 
of parameters and enable a comparative and clear comparison across alternatives.

–– Energy pathways with the highest potential for GHG emissions reductions can 
be identified in a relative context and compared to current baseline conditions.

–– The identification of life cycle stages with the highest impacts and costs can assist 
in identifying opportunities for performance improvement in selected pathways.

The LCA approach as illustrated in this paper is a valuable tool that can inform 
energy policy makers in evaluating sustainable energy mix options and offers an 
approach to better understanding both the energy needs and the possible energy mix 
solutions for the Galapagos.

References

Abrahams LS, Samaras C, Griffin WM, Matthews HS (2015) Life cycle greenhouse gas emissions from 
U.S. liquefied natural gas exports: implications for end uses. Environ Sci Technol 49:3237–3245

Carrion GC (2007) Estudio de prevision de la demanda de energia para las Islas Galapagos: esce-
narios socioeconomicos. Available from: http://www.ergal.org/cms.php?c=1276

Cynthia O-B, Teong LK (2011) Feasibility of Jatropha oil for biodiesel: economic analysis. In: 
World renewable energy congress, Linkoping

Deutscher Entwicklungsdienst, Vereinigte Werkstätten für Pflanzenöltechnologie (2008) Energia 
Renovable para Galapagos. Sustitucion de combustibles fosiles por biocombustibles en la genera-
cion de energia electrica en la Isla Floreana. Available from: http://www.ergal.org/cms.php?c=1272

Economides MJ (2005) The economics of gas to liquids compared to liquefied natural gas. World 
Energy 8:136–140

Energy Information Administration (2003) The global liquefied natural gas market: status and 
outlook. Available from: http://www.eia.gov/oiaf/analysispaper/global/pdf/eia_0637.pdf

Energy Information Administration (2014) Ecuador—overview. Available from: http://www.eia.gov/countries/
cab.cfm?fips=ec

EnerSea Transport LLC (2015) Understanding CNG [Internet]. Available from: http://enersea.
com/understanding-cng/

Forman GS, Hahn TE, Jensen SD (2011) Greenhouse gas emission evaluation of the GTL pathway. 
Environ Sci Technol 45:9084–9092

Hasan MMF, Zheng AM, Karimi IA (2009) Minimizing boil-off losses in liquefied natural gas 
transportation. Ind Eng Chem Res 48:9571–9580

Hecht J (2002) Galapagos oil spill devastated marine iguanas. New Scientist
International Organization for Standardization (2010) ISO 14042:2000 Environmental manage-

ment—Life Cycle Assessment—Life Cycle Impact Assessment
Jaramillo P, Griffin WM, Matthews HS (2007) Comparative life-cycle air emissions of coal, domes-

tic natural gas, LNG, and SNG for electricity generation. Environ Sci Technol 41:6290–6296
Koh MY, Mohd. Ghazi TI (2011) A review of biodiesel production from Jatropha curcas L. oil. 

Renew Sust Energ Rev 15:2240–2251
Leduc S, Natarajan K, Dotzauer E, McCallum I, Obersteiner M (2009) Optimizing biodiesel pro-

duction in India. Appl Energy 86(Suppl 1):S125–SS31
Lewis G (2013) The struggle for sustainable energy on Galapagos. Galapagos Digital
Lewis G, Galapaface AC (2014) I: challenges in salvage effort. Galapagos Digital

E. Cubi et al.

http://www.ergal.org/cms.php?c=1276
http://www.ergal.org/cms.php?c=1272
http://www.eia.gov/oiaf/analysispaper/global/pdf/eia_0637.pdf
http://www.eia.gov/countries/cab.cfm?fips=ec
http://www.eia.gov/countries/cab.cfm?fips=ec
http://enersea.com/understanding-cng/
http://enersea.com/understanding-cng/


105

Ministerio de Electricidad y Energia Renovable, United Nations Development Program, Global 
Environmental Facility, Consejo Nacional de Electricidad (2015) ERGAL—Energias Renovables 
para Galapagos [Internet]. Available from: http://www.ergal.org/cms.php?c=1233

Natural Resources Canada (2014) GHGenius. A model for lifecycle assessment of transportation 
fuels

Sandia National Laboratories (2004) Guidance on risk analysis and safety implications of a large 
liquefied natural gas (LNG) spill over water. Available from: http://www.energy.ca.gov/lng/
documents/2004-12_SANDIA-DOE_RISK_ANALYSIS.PDF

SeaNG—Coselle (2015) Compressed natural gas—demand customers [Internet]. Available from: 
http://www.coselle.com/applications/demand-customers

US Department of Energy (2005) Liquefied natural gas: understanding the basic facts. Available 
from: http://energy.gov/sites/prod/files/2013/04/f0/LNG_primerupd.pdf

US Environmental Protection Agency (2004) Unit conversions, emissions factors, and other reference 
data. Available from: http://www.epa.gov/appdstar/pdf/brochure.pdf

Von Wedel R (1999) Technical handbook for marine biodiesel. In Recreational boats, 2nd edition, 
Cytoculture international, Point Richmond, CA

Whitaker M, Heath G (2009) Life cycle assessment of the use of Jatropha biodiesel in Indian loco-
motives. Available from: http://www.nrel.gov/biomass/pdfs/44428.pdf

6  Using Life Cycle Assessment to Facilitate Energy Mix Planning in the Galapagos…

http://www.ergal.org/cms.php?c=1233
http://www.energy.ca.gov/lng/documents/2004-12_SANDIA-DOE_RISK_ANALYSIS.PDF
http://www.energy.ca.gov/lng/documents/2004-12_SANDIA-DOE_RISK_ANALYSIS.PDF
http://www.coselle.com/applications/demand-customers
http://energy.gov/sites/prod/files/2013/04/f0/LNG_primerupd.pdf
http://www.epa.gov/appdstar/pdf/brochure.pdf
http://www.nrel.gov/biomass/pdfs/44428.pdf


107© Springer International Publishing AG 2018 
M.-E. Tyler (ed.), Sustainable Energy Mix in Fragile Environments,  
Social and Ecological Interactions in the Galapagos Islands,  
https://doi.org/10.1007/978-3-319-69399-6_7

Chapter 7
Sustainability of Renewable Energy Projects 
in the Amazonian Region

Juan Leonardo Espinoza, José Jara-Alvear, and Luis Urdiales Flores

�Introduction

The Amazon region is shared by nine South American countries (Brazil, Peru, 
Bolivia, Colombia, Ecuador, Guyana, Venezuela, French Guyana, and Suriname). It 
covers an area of approximately 6,000,000 km2. The Amazon region is a fragile 
ecosystem with high biodiversity, and it has a major contribution in mitigating cli-
mate change. That is why the region has received the title of “lungs of the planet.” 
Historically, the Amazon region has been inhabited by a great diversity of aboriginal 
people who have managed to live in harmony with the forest for centuries. However, 
because of the colonization of the late nineteenth and early twentieth centuries, 
which has accelerated in recent years with timber extraction, oil, mining, agricul-
ture, livestock, and tourism, the region has been losing steadily native forest, emerg-
ing urban centers, and increasing the nonindigenous population. Urbanization in 
various parts of the region is pressing to provide basic services to the population 
such as drinking water, sewerage, and electricity.

In the case of Ecuador, there are six Amazonian provinces, Orellana, Pastaza, 
Napo, Sucumbíos, Morona Santiago, and Zamora Chinchipe, representing an area 
of 120,000  km2 (48% of the country size). According to the results of the 2010 
Census of Population and Housing, there is an estimated total population of 
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750,000 in the Ecuadorian Amazonian region, which represents 5% of the country 
total population (INEC 2010). Ten different ethnic groups constitute the rural popu-
lation in this region (CODENPE 2012). Services coverage at provincial level 
reaches 55.6% of drinking water and 41.4% of sewerage, well below the national 
average, which is 72% and 53.6%, respectively (INEC 2010).

In year 2012, the electricity coverage in Ecuador was 96.9% at national level and 
reached 89.8% of rural population mainly through investment on grid extension 
(ARCONEL 2013). The government fund program FERUM (Fund for Rural and 
Urban-Marginal Electrification) financed this investment. Nevertheless, this 
approach has left behind the most isolated and disadvantage rural communities 
where a grid extension is unfeasible due to their limited access, grade of dispersion, 
and low demand. Most of this population is scattered along the Ecuadorian Amazon 
region. For instance, the electricity coverage in this region reached 88.6% in 2012 
(ARCONEL 2013), but if this indicator is disaggregated into urban and rural, the 
rural electricity coverage was just 72%, almost 18 points below the national 
average.

Since year 2000, some efforts to solve this problem focused on installing photo-
voltaic solar home systems (SHS) on Amazonian households, through government 
and international donor’s initiatives (Vasconez 2010). After their implementation, 
however, there has not been a systematic evaluation making it difficult to know the 
current technical situation of approximately 3000 systems as well as their real 
impact on local conditions. This lack of information and the abandonment of many 
of these projects have hindered the scaling up of decentralized rural electrification 
(DRE) initiatives in Ecuador where the electric grid is unfeasible.

In 2008, a new constitution took effect establishing the “good living” condition 
as the main objective for the country. Rural electrification was a national priority in 
order to contribute to improve the living conditions of rural population. The good 
living or “sumak kawsay,” its translation from the Quechua language, is a indige-
nous view of the world that focuses on the human being and seeks to meet the needs 
in order to get a good quality of life. This view proposes to live in peace and har-
mony with nature and looks for the indefinite prolongation of cultures (SENPLADES 
2013). It is clear that the good living has important similarities to the accepted 
concept of sustainable development as defined by the World Commission on 
Environment and Development – WCED in 1987.

In both paradigms, good living and sustainable development, energy access has 
been recognized as an important goal. In that sense, the use of renewable energy in 
isolated and fragile ecosystem like the Ecuadorian Amazon region is a feasible solu-
tion that contributes on improving people’s life and reducing negative impacts on 
the environment.

In 2010, one of the several public electric distribution companies EERCS C.A., 
known as Centrosur, started the project “Yantsa Ii Etsari” (that translates as “light 
from our sun” in Shuar language) to electrify, with SHS, 3000 isolated indigenous 
households (Shuar and Achuar) scattered along the province Morona Santiago in 
the southern part of the Ecuadorian Amazonian region. After 6 years of continuous 
operation, 3266 SHS have been installed, covering almost 100% of identified 
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isolated indigenous population. Centrosur operates and maintains the SHS, which 
demands important human, economic, and technological resources.

This chapter aims to analyze sustainability challenges and prospects for renewable 
energy projects for electricity service provision in the Amazon region context using 
the Yantsa Ii Etsari project as a case study. This experience could be relevant for 
other decision-makers or researchers interested in sustainable energy development 
in isolated and fragile regions such as the Amazon. The chapter reviews the 
research projects implemented by Centrosur and academia in order to enhance sus-
tainability of the Yantsa Ii Etsari project in areas like “mobility,” “operations and 
maintenance,” “environmental impact assessment,” and “policies and procedures.” 
Finally, a discussion on the way forward for sustainability assessment protocols for 
renewable energy projects is presented.

�The Yantsa Ii Etsari Project

Based on literature review of field reports and unstructured interviews to key admin-
istrative and technical staff, Jara-Alvear and Urdiales (2014) developed a qualitative 
analysis of the project Yantsa Ii Etsari from formulation to implementation (Fig. 7.1). 
The trigger that raised the political will of the Ministry of Electricity and Renewable 
Energy (MEER) to invest on the project was a human rabies epidemic – spread by 
bats that affected the study area in 2008. It was believed that electricity access 
(lighting) will improve local conditions among households, which has also proved 
a reduction on vector diseases (Mendes et  al. 2009). Once national funds were 
released, 120 isolated communities were selected in an agreement between 
Centrosur, the National Council of Electricity (CONELEC) (nowdays ARCONEL), 
and the indigenous organization (FISCH). It was a top-down approach, where the 
final users participated during the project socialization stage, through workshops, 
and later on in the installation process.

The electricity needed in a typical indigenous family of the study area was esti-
mated in 322 watts-hour per day (Wh/day), which is supplied by a standardized 
SHS (Table 7.1). It might appear potential productive uses of electricity for home-
owners or communal services that would require more energy. However, one of the 
advantages of solar photovoltaic systems is their modularity so that additional 
energy needs can be met with more panels and batteries in the same installation. The 
standardization facilitated the bidding process and logistics to accomplish the proj-
ect aims (Jara-Alvear and Urdiales 2014).

Between 2010 and 2015, about 20 local or regional contractors did the transpor-
tation and installation of 3266 SHS in almost 200 communities (Table 7.2). This 
aspect enhanced local professional capabilities. Based on commissioning reports, 
the average cost of an SHS was $16 per peak watt (Wp) where transportation and 
installation costs have an important 41.6% share (Jara-Alvear and Urdiales 2014). 
Table 7.3 shows the average costs of the SHS installation. Once the installation was 
finished, Centrosur and the household head sign a service contract, where the user 
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has to pay a fixed fee of US$1.46/month and the utility will provide maintenance 
and continuous services. The utility has to work in coordination with a community 
electrification committee that provides routine minor maintenance services. 
Although the fee does not cover the investment, it does raise awareness of aboriginal 
people on the duty to pay for services. Therefore, the electric utility uses resources 
from its budget to subsidize transportation, spare parts, and other costs in order to 
guarantee the financial sustainability of the project.

MEER delegate to Centrosur and 
release funds for DRE ($7millon)

Start

Centrosur and CONELEC
Update the database 
of unelectrified
communities

Centrosur Hires
A experienced consultant to study:
- Photovoltaic standards
- Socialization of the project
- Management model
- Communication plan

Centrosur promotes the project
- Radio Spots (Radio Arutam)
- Brochures
- Workshops and meetings 

Centrosur socialize the project 
with
- Indigenous Leaders
- Sign Aggetment with FISCH
- Final list of beneficiary communities

Centrosur perform workshops
In beneficiary communities based
On the guidelines of Step 3:

-Socio-economic evaluation
-Training on the use of SPVS
-Creation of the Village Committee
In charge of fee collection, and 
Management of SPVS

$ $
$

Centrosur buy 
2500 SPVS in a national bidding

CONELECS approval of 
- Electricity services contract to be signed
By household head and Centrosur
- Electricity Tariff ($1.46/month)

Sign contract with
Household head after

installation

Centrosur hires 
18 private engineers
for installation of 2500 SPVS

Centrosur Transport by air
2500 SVPS to 120 communities
Supported by:

-Ecuador Army
-Taisha Municipality
-Tutineentsa Parrish Goverment

CENTROSUR visit periodically
The beneficiary communities for
- collection of electricity bill 
- reemplace broken SPVS for free
if the user has paid

Note: 
2 technicians for 2500 SPVS
So they are able to do
periodic visit every 3 months

Fig. 7.1  Flowchart of Yantsa Ii Etsari project. Source: Jara-alvear and Urdiales (2014)
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�Sustainability Overview of Yantsa Ii Etsari

After the Brundtland report was released in 1987, sustainability has gained attention 
in academia, industry, and government. The report’s definition of sustainability 
refers to “development that meets present needs without compromising the ability 
of future generations to meet their own” (WCED 1997). This definition stresses the 
multidimensional character of sustainability and the equitable distribution of 
resources. In this regard, Elkington (1999) proposed a “triple bottom line” model, 
and Mebratu (1998) proposed “the cosmic interdependence” model; both models 
define sustainability using economic, environmental, and social aspects. These three 
pillars are widely used on sustainability assessment and policymaking.

Table 7.1  Characteristics of 
SHS

Description Value

Solar photovoltaic panels 150 Wp
Battery 150 Ah
Solar regulator 20 A
Inverter (12 V/120 V) 300 W
Average solar radiation 4 kWh/m2/day
Expected production of SHS 400 Wh/day
Load (lights, radio, TV/
DVD, battery charger)

322 Wh/day

Source: Jara-Alvear and Urdiales (2014)

Table 7.2  Number of SHS 
installed by the project

Year Number of communities Number of SHS

2011 15 290
2012 108 2063
2013 7 109
2014 34 432
2015 32 372
Total 196 3266

Source: Urdiales (2015)

Table 7.3  Average costs of SHS installation

Description Cost Observation

Equipment $1400 Complete SHS
Transport $600 Variable cost: Air freights, fuel. Not included community labor
Labor $400 Variable cost: Labor of installation, workshops and informative campaign
Total $2400

Source: Jara-Alvear and Urdiales (2014)
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Regarding the energy sector, “sustainable energy development will require 
electricity services that are reliable, available and affordable for all, on a sustainable 
basis, world-wide” (Johansson and Goldemberg 2002). Again, this definition 
implies the consideration of economic, environmental, and social dimensions for 
sustainability assessment. However, literature (Ilskog 2008; Brent and Rogers 2010) 
suggests that two additional dimensions should be integrated in rural electrification 
projects: technical and institutional pillars. These are important since reliability, 
human capacity, and local management of energy systems are key aspects in rural 
areas where technology and specifically renewable energy market are in the early 
stages (Mainali and Silveira 2015).

As part of a doctoral research project in progress (ZEF-University of Bonn and 
Centrosur), Jara-Alvear and Urdiales (2014) attempted to do a rapid sustainability 
assessment of Yantsa Ii Etsari project using the framework proposed by Ilskog 
(2008), which uses 5 dimensions and 13 criteria associated with 37 indicators to 
capture the complexity of sustainability in rural electrification projects (Fig. 7.2). 
This framework provided a holistic starting point to discuss project sustainability 
and guide the research agenda.

Even though Yantsa Ii Etsari represents an alternative to increase Centrosur rural 
coverage objectives, the project also faces several important challenges. These deal 
with economic, environmental, institutional, technical, and social dimensions all 
related to the project sustainability.

Table 7.4 presents a summary of how previous results (Fig. 7.2) have guided 
the definition of research projects in order to enhance information and knowledge 
to move toward sustainability in rural electrification in the Ecuadorian Amazon 
region.

Fig. 7.2  Sustainability dimensions of Yantsa Ii Etsari project
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Table 7.4  Sustainability assessment and research projects for Yantsa Ii Etsari

Dimension
Focus for sustainability assessment of decentralized 
rural electrification projects Research project

Environmental
    •   Global impact
    •   Local impact

Replacement of polluting source of energy (kerex, 
candles, dry batteries, diesel, gasoline). Waste 
management system during installation, operation, 
and decommission
At global scale, reducing the contribution of 
greenhouse emissions and the indirect impact on 
Amazon forest conservation

Integrated waste 
management 
system

Economic
    •   Competition
    •   �Development 

of productive 
uses

    •   �Employment 
generation

    •   Financial

High cost of installation and maintenance, and the 
fixed fee ($1.46/month) established by existing 
regulation, makes the project not profitable. 
Financial mechanism, efficient subsidy mechanism, 
and reduction of maintenance cost are key issues to 
make rural electrification with SHS less dependent 
on external source of funding or subsidies. 
Accessibility and transportation costs (air, river) 
have an important influence on the final cost of 
energy production but also on socioeconomic 
development of indigenous people

Development  
of a solar boat 
prototype
Design of an 
automatic 
reliability 
centered
Maintenance 
model

Institutional
    •   �Capacity 

strength
    •   Client relation
    •   �Stakeholder 

participation

Capacity strength of the electric company and 
stakeholder participation are interconnected issues 
that need to be addressed. There is a need to 
strengthening the existing multicultural stakeholder 
network made of electricity company staff, local 
technicians, authorities, and clients
Being modern energy a new actor in daily activities 
of people, “the rules of the game” can change 
dramatically in communities. This new institutional 
order is indeed a challenge that all project 
stakeholders are facing

Local utility 
involvement and 
stakeholder 
participation

Technical
    •   �Operation and 

maintenance
    •   �Technical 

client-relation 
issues

Operation and maintenance need to improve. The 
failure rate of SHS jeopardizes not only project 
economy but also the environment due to electronic 
waste generation. Increasing the reliability of SHS 
and adopting an integrated asset management 
strategy could help to reduce maintenance cost and 
enhance the service quality. However, during the 
design phase and planning, quality of studies and 
reliability of information are crucial to ensure 
suitable solutions for local context

Reliability 
Centered
Maintenance 
model

Social
    •   �Equal 

distribution
    •   �Improved 

availability of 
social 
electricity 
services

There is a need to improve electricity service toward 
social benefit goals at household and community 
level like schools and health centers but also 
administrative and cultural centers. Knowledge 
communication is highly important to ensure users 
and services provider understand each other

This crosscutting 
area is involved 
in all the 
developed 
research projects

7  Sustainability of Renewable Energy Projects in the Amazonian Region



114

�Alternatives for the Project Sustainability

Based on the results shown in the previous section, Centrosur has been looking to 
deepen the understanding of sustainability of the Yantsa Ii Etsari project, and strategic 
alliances were set up with the academia. For instance, the University of Cuenca and 
the Center for Development Research (ZEF), University of Bonn (Germany) have 
been collaborating through the development of undergraduate and graduate research 
projects in thematic areas linked with the above discussions on sustainability chal-
lenges. The results of these research experiences are presented in this section.

�Local Utility Involvement and Stakeholders’ Participation

�Introduction

In 2010, when Centrosur began the Yantsa Ii Etsari project in the Amazonian 
province of Morona Santiago, it was necessary implementing internal changes in 
the structure of the company. For nearly 60 years of institutional life, the subject of 
the company was the distribution and commercialization of electricity through sub-
stations, distribution networks, transformers, meters, and so on, in short, through 
physical infrastructure that interconnects sources of electric generation “directly” 
with the end user.

In a joint effort between CONELEC and Centrosur, the project’ scope was 
defined in isolated areas of Morona Santiago province within the concession area of 
the distribution company. It was initially estimated 2300 families to supply with 
electricity from SHS, which represented a new technology and way to provide elec-
tricity for both the company and the inhabitants of the area.

The first action consisted in creating a specific department within the company 
for carrying out the project implementation. The Renewable Energy Unit (UER) 
was conformed at the beginning by four electrical engineers who were trained to 
learn about experiences and status of various renewable energy projects developed 
in the country. During 2009 and 2010, the UER visited the communities in areas of 
difficult access where it was impossible to access to conventional electricity through 
networks. The main task of the UER was to get inputs for conducting a technical 
study about the best alternative of electrification. Also during this period, regula-
tions for equipment, model contracts and community agreements, contract service 
provision, and the tariff were established.

In order to carry out the project, Centrosur defined the following stages of 
implementation:

•	 Preliminary survey to determine the current situation of the community
•	 Establishment of a community electrification committee
•	 Preparation of technical study
•	 Financing management
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•	 Acquisition of equipment (technical specifications)
•	 Installation contract
•	 Transportation and equipment warehousing in the community
•	 Installation
•	 Training to the community on SHS management (by the contractor)
•	 Contract settlement
•	 Customer follow-up (by the electricity distributor)

The Yantsa Ii Etsari project had its first systems set up from January to June 
2011. Two hundred ninety (290) SHS were installed in the parish Seville Don 
Bosco, Canton Morona. By July 2012, when the installation of the second phase 
finished, mostly in Canton Taisha, there was a significant block of new customers 
with SHS, totaling 2063. In subsequent years, the number of new facilities contin-
ued to increase (Table 7.2).

Centrosur’s commitment is to ensure the service through the contract, which 
makes the user a regulated customer. Therefore, the follow-up performed by the 
company is essential for continuous operation and maintenance of SHS.  During 
field visits, the work of the electrification committee, formed by community mem-
bers, is verified, and the company supports the activities of this new actor. Knowledge 
and management of administrative and technical operators are strengthened as well 
as the concepts of minor maintenance and care for each SHS.

�Relationship Between the Beneficiaries and the Electric Company

Centrosur looked for a model for sustainable rural electrification, where the com-
munity would be in close relationship to the company. The model should define the 
company management as a very strong influence to achieve institutional sustain-
ability in coordination with community organizations. This institutional dimension 
is one of the five sustainability dimensions shown in Table 7.4.

Institutional sustainability refers to the organizational structures and processes 
that influence the success of the project within the local community. The stakehold-
ers of this dimension include not only the distribution company and beneficiaries 
but also government officials such as mayors and parish presidents, opinion leaders 
as teachers, priests, and doctors, as well as traditional authorities and local associa-
tions represented by its president and trustee of each community. Even though this 
relationship worked before inclusion of the electrification project, the distribution 
company proposes a new scheme by introducing an additional actor: the electrifica-
tion committee.

This scheme of strategic bridging (Garcia and Vredenburg 2003), between 
Centrosur and the user, proposes a new joint working relationship with the benefi-
ciary community, behavior that in the past had only been present during the imple-
mentation stage of a project. A traditional paradigm is thus broken: the way in which 
the distributor used to be the electricity provider. These external factors (dispersed 
customers with no access to conventional network) are influencing changes that the 
distribution company must assume.
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At this point, it is necessary to identify the most important changes that the elec-
tricity company had to make to face the Yantsa Ii Etsari project, in order to maintain 
its commitment to service and acceptance of the community’ customers:

•	 Creating the Renewable Energy Unit (UER), a working group in charge of SHS 
projects

•	 Including in the training plan of the company topics such as renewable energy, 
community work, safety, and first aid in the Amazon

•	 Changes in the commercialization system of the company and creation of the 
residential photovoltaic rate (RF)

•	 Standardization of SHS equipment and their inclusion in the list of materials 
available at the company

•	 Creating a specific service contract for the service with SHS
•	 Creating regulation for the operation of the electricity committees and for admin-

istrative and technical staff

�A Model for Sustainable Rural Electrification.

To promote sustainable rural electrification, first it is necessary to recognize the dif-
ferent dimensions of project sustainability, as shown in Fig. 7.2 and Table 7.4. These 
dimensions contribute to propose a model through three catalysts: a SHS design 
focused on the community, a sense of community ownership, and an active involve-
ment of the distribution company.

SHS Design Focused on the Community

In order to design the most appropriate equipment for the community, one must 
know the kind of users that is intended to serve, their type of home, their habits (i.e., 
Shuar people are seminomadic), the economic income, service aspirations, etc.

Sense of Community Ownership

The understanding that the electrical service is possible through an SHS that uses a 
local resource gives to the community the feeling that it “owns” the project.

Distribution Company Involvement

The participation of the distribution company starts from identifying the commu-
nity, supporting for the formation of the electrification committee and its operation, 
technical design, implementation of the project, and service customer management. 
The relationship between the sustainability dimensions and the catalysts is pre-
sented in Table 7.5 and Fig. 7.3.
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�Conclusion

The local utility involvement seems crucial for sustainable decentralized rural elec-
trification in the Ecuadorian Amazon region context. In the Yantsa Ii Etsari project, 
what the distribution company does is managing legitimacy (Schuman 1995) through 
formal institutional mechanisms (committees, regulations, contracts) and informal 
mechanisms (“culture of payment,” “sense of community ownership,” etc.).

Table 7.5  Dimensions and catalysts of a model for sustainable decentralized rural electrification

Catalyst
SHS design focused on 
the community

Sense of 
community 
ownership

Involvement of the 
distribution company

Dimension
Economic The design guarantees 

adequate service with 
the necessary 
investment. The 
equipment meets 
standards to operate in 
places where they are 
installed, which ensures 
lower maintenance 
costs

When customers 
meet the payment 
of the prescribed 
fee and take care 
of equipment (less 
maintenance costs)

When company obtains 
resources for project 
implementation as well as 
for operation, maintenance, 
and replacement. The task of 
tariff collection is also 
important

Institutional The design allows the 
beneficiaries 
involvement. For 
example, cleaning the 
panel and 
acknowledging of 
messages at the 
regulator display. SHS 
becomes a “new actor” 
in people’s life

From 
electrification 
committees who 
“represent” the 
distribution 
company in their 
communities and 
have the 
acceptance of other 
local authorities

Operation and 
implementation of created 
structures such as the 
electrification committee and 
its representativeness in the 
community. This is 
reinforced by the application 
of regulations, contracts, 
meetings, etc., which are 
activities that show the 
operability of the committees

Technical 
(includes 
environmental)

Design is based on 
standards that provide 
equipment reliability. 
Besides, preventive 
maintenance depends 
on the training given to 
both each user and the 
technical operator in 
order to face minor 
maintenance problems

When customers 
use adequately the 
SHS and care 
equipment and 
perform preventive 
maintenance

From system design, 
standardization, and 
maintenance that can provide 
through the technical 
operator or its own staff. In 
addition, replacement and 
removal of equipment are in 
charge of the distribution 
company

Social The design can 
promote both an equal 
distribution of 
electricity and 
opportunities for 
family/productive 
activities

When users care 
their installed 
systems as they 
recognize that 
through them it is 
possible to have 
electricity service

The company is able to 
educate people on the use 
and care of the system as 
well as on the rights and 
obligations assumed by the 
service contract
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�Development of a Solar Boat Prototype

�Introduction

The high level of isolation and lack of infrastructure makes accessibility to the 
Amazon region a very critical issue for development. It restricts people’s mobility 
to long walks, riverboats, or small planes in order to reach markets and social ser-
vices. Finding alternatives for transportation without endangering the Amazon eco-
system is an urgent challenge toward sustainability (Ordóñez and Guaman 2014). 
River transport in the Ecuadorian Amazon is one of the primary means of mobility 
in places where there are no roads (Jara-Alvear et al. 2013a, b). Rivers are used for 
navigation of people and goods in small boats with outboard motors. However, this 
mode of transportation causes significant environmental problems such as green-
house gases – GHG emission – noise, fuel spills, and felling of large trees for manu-
facturing canoes (Ordóñez and Guaman 2014).

These problems can be mitigated by replacing gasoline outboard motors by elec-
tric propulsion systems. The application of these systems is not new. In 1839 Moritz 
von Jacobi Herman built one of the first electric boats (Morachevskii 2001), and 
today these systems have made significant progress worldwide as demonstrated by 
transatlantic crossings. Moreover, in 2013, the first Ecuadorian electric-solar boat 
was built and demonstrated its usability in Galapagos Islands, Ecuador, as a means 
for environmental education and sustainable tourism (Jara-Alvear et al. 2013a, b).

Fig. 7.3  Model of sustainable rural electrification. Source: Urdiales (2015)
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Ordóñez and Guaman (2014) developed a techno-economic study for replacing 
traditional outboard motors for electric outboard motors coupled with solar energy 
systems to recharge batteries within  the electric propulsion systems. Their study 
aimed to assess the feasibility of a solar canoe adapted to the Amazon rivers.

�Field Research and Data Collection

By the end of 2014, the Yantsa Ii Etsari project had 500 indigenous families settled 
on four riverbanks. A field trip along these four rivers was made for data collection 
on travel conditions in order to determine the design parameters of solar canoes 
(Fig. 7.4). The main origin and travel destinations were identified as well as the 
average speed and travel time for existing canoes (Table 7.6). It is important to note 
that routes 1–4, 2–5, and 3–6 represent a round trip, whereas route 7 represents the 
distance between two charging points, with an average travel time of 3 h.

Currently, 45 canoes provide transportation service along the above routes all 
year around. Based on 25 interviews, it was found that typical length of canoes is 
12 m, they have an average load capacity of 1400 kg, and the most traditional equip-
ment is a 13-horsepower (HP) outboard motor (Fig. 7.5).

Fig. 7.4  Map of the study area. Souce: Guamán et al. (2015)
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�Design of a Solar Canoe for the Amazon

The configuration for the electric-solar boat is based on the design of Jara-Alvear 
et  al. (2013a), since it has demonstrated the technical capacity to displace up to 
4000 kg in sea conditions. The configuration includes an electric outboard motor 
which is responsible to transform electricity into mechanical power to displace the 
boat, electrochemical batteries that are responsible to storage and provide the energy 
required by the electric outboard, and a photovoltaic system (onboard or onshore) 
which is responsible to recharge the batteries (Fig. 7.6).

The sizing of solar canoes was adapted from Jara-Alvear et  al. (2013a) for 
displacement-type boats and includes seven steps:

Step 1: Define the design speed.
Step 2: Estimate the resistance for propulsion.
Step 3: Estimate propeller power.
Step 4: Estimate electric power needed.

Table 7.6  Main river routes, Morona Santiago, Ecuador

Route 
number From To Name of river

Time 
(h)

Average speed 
(km/h)

Distance 
(km)

1 Kashpaim Antun Morona-
Mangosiza

4 9 42

2 Taisha Morona-
Cangaime

9 9 92

3 Santa 
Rosa

Morona-
Macuma

9 9 90

4 Antun Kashpaim Mangosiza-
Morona

4 11 42

5 Taisha Cangaime-
Morona

9 11 92

6 Santa Rosa Macuma-
Morona

9 11 90

7 �(charge 
center)

Kashpaim Panientza Morona 3 9 30

Source: Guamán et al. (2015)

Fig. 7.5  (Left) Traditional canoes, (right) traditional outboard motor “peque-peque”. Source: 
Ordóñez and Guaman (2014)
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Step 5: Estimate energy consumption.
Step 6: Size the battery bank.
Step 7: Size the photovoltaic generator.

�Results: Configuration and Economic Analysis

Based on the sizing steps and using the data collected, Table 7.7 shows the resulting 
configuration of an electric 12-m canoe to cover the travel distance described in 
Table 7.6. The results show that the electric energy needs to cover the travel dis-
tances will require an area of solar panels bigger than the available on the canoes. 
Therefore, solar recharge stations should be placed on strategic locations along the 
travel route.

Fig. 7.6  Design concept solar canoes. Source: adapted from (Jara-Alvear et al. 2013a)

Table 7.7  Electric 12-m canoe configuration for each route

Route 
number

Power electric 
outboard (kW)

Capacity battery 
bank (kWh) Solar generation (PVS)

Total weight of 
equipment (Ton)
PVS and boat are 
not considered

Laa Lib

kWp 
(required)

kWp 
(onboard) La Li

1 4 18 13.42 4.3 1.61 0.39 0.14
3 4 42 26.85 9.8 1.61 0.87 0.28
7 4 15 10.74 3.3 1.61 0.33 0.12

aLa: lead acid battery
bLi: lithium battery
Source: Ordóñez and Guaman (2014)
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The weight and space onboard is a critical factor during the design phase. 
Considering that batteries are the heaviest and biggest component (see Table 7.7), 
the selection of lead-acid (La) or lithium (Li) batteries is a key aspect for the techno-
economic study. La batteries are cheaper but heaver and less efficient, while Li bat-
teries are lighter and more efficient but expensive.

The investment, operation, and maintenance cost for gasoline and electric out-
board motors were estimated from interviews with canoe owners and literature 
review (Table 7.8). Using this information, the net present value (NPV) and payback 
period were estimated using an interest rate of 5% for a 20-year period (Table 7.9).

�Conclusions

The selection of the best alternative depends mainly on the cost of the batteries, the 
type of boat, and the route to cover. The proposal would be economically viable for 
any battery technology in fiberglass boats with navigation time between 3 and 4 h. 

Table 7.8  Estimated cost for traditional vs. solar-electric 12-m canoe

Route 1 Route 3 Route 7

Time of traveling (h) 4 9 3
Traditional canoe
Investment outboard motor 13 hp. every 6 years ($) $1030.00 $1030.00 $1030.00
Fuel ($/year) $1929.78 $4342.00 $1447.33
Canoe investment every 4 years ($) $600.00 $600.00 $600.00
Maintenance ($/year) $200.00 $200.00 $200.00
Estimated annual reduction of CO2

2.38 kg of CO2 per liter of gasoline
8.29 ton 18.65 ton 6.21 ton

Solar-electric canoe
Investment outboard motor 4 kW ($) $3809.00 $3809.00 $3809.00
Investment 12 m fiberglass canoe ($) $4000.00 $4000.00 $4000.00
Cost of Li-battery every 9 years ($) $13,225.00 $26,450.00 $10,580.00
Cost of La-battery every 4 years ($) $1623.60 $3788.40 $1353.00
Electricity cost—PV system ($) $14,375.00 $31,050.00 $10,750.00
Maintenance ($/year) $200.00 $200.00 $200.00

Source: Ordóñez and Guaman (2014)

Table 7.9  Economic feasibility of solar canoes

Results Route 1 Route 3 Route 7

NPV (traditional canoe) $31,228.00 $61,289.60 $25,215.61
NPV (solar canoe with La-Battery) $28,277.89 $52,000.07 $23,772.00
NPV (solar canoe with Li -Battery) $49,320.88 $92,324.24 $40,430.21
Payback period (traditional canoe) 11.6 years >30 years 6 years
Payback period (solar canoe, Li- battery) 12 years 18.9 years 7.6 years
Payback period (solar canoe, La-battery) 6 years 8.5 years 4.1 years

Source: Guamán et al. (2015)
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From the economic point of view, the lead-acid battery is the best option but, from 
a technical viewpoint, lithium-battery is better since it has higher energy density 
(kWh/kg). This reduces weight and onboard space.

For the routes with travel times of 4 and 3 h, it is possible to navigate with the 
boat configuration presented in Table 7.7, and recharge centers should be located at the 
beginning and end of the routes. For longer travel times (i.e., 9 h) it is recommended 
to have recharge centers in strategic locations along the routes (Fig. 7.4). This will 
reduce the number of batteries and solar photovoltaic panels required for autonomy, 
reduce weight on board increasing space for more cargo and passenger loads, and 
reduce propeller power consumption (lower system cost).

The limitations for electric boats are the high up-front cost of technology, reduced 
travel autonomy, and low speed, all limited mainly by existing storage technology (Del 
Pizzo et al. 2010). Nevertheless, coupling electric boats with onboard renewable energy 
generation and charging stations along the travel route could potentially help to surpass 
these barriers and facilitate their adoption in isolated areas of the Amazon region.

The electric-solar boats might also serve as a means of transport to Centrosur 
technicians so they can follow up the installed SHS. More important, along the ana-
lyzed routes there are communities’ beneficiaries of the Yantsa Ii Etsari Project; 
thus,  the electric-solar boats will also provide a safe and clean way of transport for 
people in the region. This research project shows that electric-solar canoes provide 
not only techno-economic advantages but also social and environmental benefits, 
becoming a sustainable alternative for the Yantsa Ii Etsari project in particular and 
for river transport in the Ecuadorian Amazon region in general.

�Design of an Automatic Reliability-Centered Maintenance Model

�Introduction

From maintenance reports of the project Yantsa Ii Etsari, it was found that 32.7% of 
the SHS have failed in the period 2012–2014 for some technical reason (Fig. 7.7). 
Compact fluorescent lamps (CFLs), regulators, and inverters are the components 
with the highest failure rate (Table 7.10). Centrosur is enforced to provide a good 
quality electricity service with a highly subsidized electric tariff (user’s fee payment 
is $17.56/year). This amount is not enough to cover operation and maintenance of 
SHS, and it makes the project dependent on external funding to be sustainable in the 
long term. In addition, a high failure rate of equipment combined with the absence 
of a waste management system in Amazon communities threatens the ecosystem, 
since toxic substances from electronic waste could be released to the environment, 
for instance, mercury, which is contained in CFLs.

A reliability-centered maintenance (RCM), which started in the airline industry 
in the 1960s, is a structured framework that helps to improve maintenance decision 
through the analysis of functions and potential failures of physical assets (e.g., SHS) 
and schedule maintenance task in order to enhance reliability at the lowest cost 
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(Orellana and Porras 2014). The standard SAE JA101 establishes the minimum 
criteria to implement a RCM, which has to systematically answer the questions 
presented in Table 7.8. In order to assist decision-makers on implementing a RCM 
strategy, Orellana and Porras (2014) developed an automated system that could help 
to answer such questions in the context of the project Yantsa Ii Etsari (Table 7.11).

�Research Approach and Results

The research approach included three phases. First, data collection of written main-
tenance reports was reviewed, and a household survey in 25 communities was con-
ducted for field investigation of SHS status and users’ experience. Second, FF, FM, 
FE, and FC were identified using criticality analysis (Moss and Woodhouse 1999), 
root cause analysis (RCA), and failure mode and effects analysis (FMEA). Third, 
based on this analysis, an entity-relationship (ER) model was implemented to facili-
tate the execution of RCM in Centrosur.

Figure 7.8 shows the resulted ER that has the following purposes in order to 
assist for the implementation of a RCM strategy:

	1.	 Functional diagram of the SHS and its components, including principal and sec-
ondary functions.

	2.	 Register FMEA results, which include system and component’s function, opera-
tional context, FM, FE, and FC.

24%

4%3%
0%2%67%

Percentage of failures as compared to
total installed SHS

CFL
REGULATOR
INVERTER
BATTERIES
FV PANEL
SHS without failures

Fig. 7.7  Failures as 
compared to total installed 
SHS. Source: Urdiales 
(2015)

Table 7.10  Failure rate of SHS, period 2012–2014

Equipment Frequency of failure % Share

Compact fluorescent lamps (CFLs) 683 72.05
Regulator 233 12.87
Inverter 84 8.86
Solar panel 47 4.96
Battery 12 1.26
Total 948 100

Source: Urdiales (2015)
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	3.	 Calculation of the reliability index called Risk Priority Index (IPR) in order to 
prioritize the most critical components in terms of safety, environmental, and 
operational security.

	4.	 Define and register corrective, preventive, and predictive maintenance tasks.
	5.	 Elaborate maintenance reports and work orders for maintenance staff.

Entities of the model (i.e. users, SHS components, FM, FE, and FC) have associ-
ated attributes that provide further relevant information for RCM and maintenance 
decisions. For instance, user’s name, code, and geographical location are key to 
connect with other database of Centrosur. SHS were disaggregated in their different 
components in order to define FF, FM, FE, and FC, which are used to perform a 
FMEA.  The results are the IPR for each SHS component (Orellana and Porras 
2014). This provides the basis to plan and prioritize maintenance tasks (preventive, 
corrective, predictive).

The implementation of the ER model was done in Microsoft Access, where enti-
ties tables were connected (Fig. 7.9) and an interface was designed for each table in 
order to facilitate data input and also retrieve information by Centrosur staff at 
administrative and technical level (Fig. 7.10). In addition, this tool facilitates the 
elaboration of reports about the status of the installations and work orders for main-
tenance staff (Fig. 7.11).

Centrosur staff checked and confirmed the usability of this tool. For instance, 
Table 7.12 shows the resulted IPR for all SHS components of Yantsa Ii Etsari. It 
provided valuable information to focus maintenance efforts. For example, it was 
found that solar regulator is the most critical component though it has an acceptable 
frequency of failure (Table 7.10). A regulator controls the state of charge of the 
battery, which has a limited lifetime and requires periodic replacement (3–4 years). 
If batteries have frequent and deep discharges due to regulator failures, its lifetime 
is highly affected, and the time for replacement could be reduced considerably 
(1 year or less). Therefore, it will have negative effects on planned maintenance cost 

Table 7.11  RCM framework and questions

Criteria Question in the context of SHS

Functions 1. �What are the functions and desired performance of SHS in the 
Amazon?

Functional failures 
(FF)

2. �What are the functional failures that might occur that prevent SHS to 
perform its expected function?

Failures modes 
(FM)

3. What are the events that likely cause a functional failure in SHS?

Failure effects (FE) 4. What happens when a functional failure occur in SHS?
Failure 
consequences (FC)

5. �In what way does each SHS’s functional failure matter in terms of 
safety, environment, operational, and nonoperational consequences?

Planning proactive 
tasks

6. What can and/or should be done to predict or prevent SHS failure?

Default actions 7. What should be done if a suitable proactive task cannot be determined?

Source: Orellana and Porras (2014)
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and the production of an unexpected waste. Consequently, regulators are key ele-
ments for maintenance and SHS reliability.

�Conclusion

This research work proposes an automatic model to assist in the implementation of 
RCM strategies for rural electrification projects. The purpose of this tool is enhanc-
ing system reliability at the lowest cost, through the analysis of likely failures, their 
causes, effects, and consequences on safety, environment, and budget, to improve 
plan maintenance tasks and their frequency.

Has

Has

Has

Has

Failure Mode (FM)

Code FM Name

Contain

SHS component

Belongs

NameCode FC

Failure Cause(FC)

FC for FMEA

FE for FMEA

FE for FMEA

Planning 1

Maintenance Task
(MT)

Description

Name MT

Code

Failure Effects (FE)

NameFE code

Has
11

1

1
11

1

1
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Grographic Coordinates

ID

Model

Name

Description

Functions

Operational context

FEMA code Technician name

For analysis FEMA
1

1

11

8
8

8
8

1

Fig. 7.8  ER model for RCM in the project Yantsa Ii Etsari. Source: Orellana and Porras (2014)
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High reliability power systems usually mean more investment on high quality 
and robust equipment. This could affect the already high cost of SHS. However, in 
the long term, it could have an effect on reducing operation and maintenance costs, 
especially in the Amazon region context where accessibility is restricted and expen-
sive. Moreover, SHS reliability could enhance components lifetime and therefore 

Fig. 7.9  Database construction of the RCM model. Source: Orellana and Porras (2014)

Fig. 7.10  Interface example of RCM model, FMEA windows
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Fig. 7.11  Automatic report, work order. Source: Orellana and Porras (2014)

Table 7.12  Critical elements of a SHS

Components Criticality index Ranking

Regulator 164 1
Inverter 120 2
Lamps (CFL) 96 3
Battery 45 4
Solar panel 45 5
Battery fuse 58 6
Loads fuse 29 7
Electric kit installations (cables, 
interrupters)

29 8

Source: Orellana and Porras (2014)
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reducing the production of electronic waste and the risk to release toxic substance 
in the ecosystem. However, a further research on RCM is needed in order to under-
stand both the optimal levels of reliability and its cost-benefit in the Amazon region.

�Integrated Waste Management System

�Introduction

This section summarizes the proposal for an integrated waste management gener-
ated in the stages of pre-installation, installation, operation, and abandonment of the 
Yantsa Ii Etsari project developed by Urdiales (2014). The main objectives of this 
research were:

–– Define the baseline of the study area, determining the environmental factors that 
may be affected by project activities.

–– Identify, evaluate, and categorize potential environmental impacts.
–– Formulate an environmental management plan (EMP) for each stage of the 

project.

�Baseline Definition

After obtaining the main environmental factors, the project activities that could 
affect these factors were identified through field visits, photographs, interviews, and 
conversations with Centrosur staff and SHS users. This allowed developing flow-
charts for each project process: pre-installation, installation, operation, and aban-
donment. Each process considers inputs, activities, outputs, and waste/emissions. 
Being a project with less than 5 years of operation, abandonment activities were not 
considered. The flowcharts are presented next.

�Pre-installation Flowchart

In terms of environmental impact of this process, the only activity considered is 
“working test” whose input, output, and waste are presented in Table  7.13. The 
other activities of the process, purchasing, receiving, offloading, and warehousing, 
do not generate significant environmental impacts (Fig. 7.12).

�Installation Flowchart

Most activities of this process generate environmental impacts, mainly waste and/or 
emissions, as shown in Table  7.14 that represents the flowchart of the process. 
Figure 7.13 shows the main activities of the installation process.
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�Operation Flowchart

The most significant environmental impact of this process has to do with the correc-
tive maintenance of the systems, particularly with the activities of “replacement of 
defective parts” and “transport” (Table 7.15). The other activities related to preven-
tive maintenance (cleaning panels, installation checking, etc.) do not generate 
impacts (see Fig. 7.14).

�Identification and Significance of Environmental Impacts

In year 2014, a survey to 65 households out of 2060 was conducted for obtaining 
necessary information from the environmental aspects, strengths, and weaknesses 
regarding the solid waste management of SHS in the communities. The main results 
of the survey were the following (Urdiales 2014).

All respondents knew the utility of SHS, and 72% said they have basic knowl-
edge on how to operate and do basic maintenance; 45% of respondents did not want 
to connect any additional devices to their SHS, and the remaining want to buy and 
connect new equipment that could surpass SHS capacity.

More than half of respondents (56%) said that they did not face problems with 
SHS; the remaining 44% had maintenance/operation problems. When the problems 
are not minor, Centrosur solves them in a maximum of 4 months. The components 
with the higher failure rate are CFLs (Table 7.10). From survey, 77% said they know 

Table 7.13  Flowchart of pre-installation

Input Activity Output Waste/emissions Note

Components of the 
off-loaded SHS

Working 
test

Components of 
the tested SHS

Defective components or in 
poor conditions (hazardous 
solid waste)

Source: Urdiales (2014)

Fig. 7.12  Receiving equipment (left) and working tests (right). Source: Urdiales 2014)
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how to dispose the lamps according to instructions until the new equipment arrive 
for replacement. Regarding batteries, which will require periodic replacements, 
64% of respondents did not know how to dispose them.

About environmental impacts of SHS, 100% of respondents asserted that there is 
no noticeable pollution affecting water, air, and soil factors in their communities; 
76% believe that the installation and use of SHS generate a positive impact on their 
daily activities. In addition, 59% said that the installation and use of SHS generate 
a positive visual impact to the environment, while 30% did not reply, and 11% said 
that this impact is not positive.

In order to contrast survey results, environmental impact identification and 
assessment were performed using a double-entry matrix (Leopold matrix), which in 
one axis includes the main phases of project activity, while the other axis includes 
the environmental factors. 

The main negative environmental impacts are (Urdiales 2014):

•	 Air emissions from internal combustion engines of aircrafts, vehicles, and boats, 
in which the components of SHS are transported to the communities

•	 Potential degradation of soil quality during both offloading of equipment and 
digging of poles

Table 7.14  Flowchart of installation

Input Activity Output Waste/emissions Note

Components of 
packed SHS

Transportation 
from warehouse

Components of 
transported 
SHS

Air emissions by type 
of transport. Domestic 
solid waste

Components of 
transported 
SHS

Offloading in 
destination

Off-loaded SHS 
in final 
destination

Plastics, cardboard, 
etc. (industrial 
nonhazardous solid 
waste)

Off-loaded SHS 
in final 
destination

Excavation of 
poles

Erect poles Snatches of poles, 
debris (industrial 
nonhazardous solid 
waste)

Installation 
outside 
housing

Erect poles, 
panels

Location of 
panels

Panels located 
and fastened

Packaging (plastic, 
cardboard), trees, 
debris

Installation 
outside 
housing

Panels located 
and fastened, 
battery

Battery 
connection

Connected 
battery

Installation 
inside 
housing

Connected 
battery

Equipment 
connection

Connected 
equipment

Scraps of metal, wires, 
and tapes (industrial 
nonhazardous solid 
waste)

Installation 
inside 
housing

Connected 
equipment

Cabling Installed 
equipment

Snatches of cables, 
tapes, etc. (industrial 
nonhazardous solid 
waste)

Installation 
inside 
housing

Source: Urdiales (2014)
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•	 Alteration of vegetation and natural habitats during transportation by river or 
land and offloading, as some of the communities are within fragile ecosystems

•	 Proliferation of insects and weed invasion in warehousing activities as well as in 
external and internal connections of equipment and their final disposal

•	 Change on cultural models (customs) in activities of transport, installation, 
cleaning, and washing of panels when preventive maintenance, replacement of 
damaged parts, and/or final waste disposal are performed

•	 Possible impacts on the population health by faulty or no final waste disposal 
when the components are changed (batteries, CFLs, etc.)

After building the matrix of (negative) impact significance, the conclusions were:

•	 Irrelevant impacts (54%): minimal deterioration of the landscape when SHS are 
transported and installed; affectation to bugs species and/or archeology when 

Fig. 7.13  Transportation and offloading of equipment. Source: Urdiales (2014)

Table 7.15  Flowchart of operation

Input Activity Output Waste/emissions Note

Spare parts Replacement of 
defective parts

Components with 
parts in good 
condition

Defective components 
or in poor conditions

Corrective 
maintenance

Defective 
parts, 
packing

Transport Transported parts 
or components

Plastic, cardboard, 
etc. (nonhazardous 
solid waste)

Source: Urdiales (2014)
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excavating for poles; invasion of weeds, insects, and vectors in the system com-
ponents when there is no proper cleaning

•	 Moderate impacts (34%): disturbance to natural vegetation, wild species, and 
protected areas during the processes of transport of materials by the increased 
use of people of trails to access to communities; air emissions depending on 
whether the transport is by river or air; potential impact on the health of workers 
that handle components in both transport and installation

•	 Severe/critical impacts (9%): solid waste generation (hazardous and nonhazard-
ous) during the different stages of the project

Finally, an important positive impact is the source of employment for local peo-
ple as canoeists, stevedores, and installers. Both electricity itself and employment 
contribute to local sustainable development.

�Environmental Management Plan (EMP)

Once you have identified and assessed the environmental impacts of the project in 
its different stages, it is necessary to undertake an “action plan” or EMP. A project’s 
environmental management plan (EMP) consists of the set of mitigation, monitor-
ing, and institutional measures to be taken during implementation and operation to 
eliminate adverse environmental and social impacts, offset them, or reduce them to 
acceptable levels. The plan also includes the actions needed to implement these 
measures” (WB 1999).

The EMP will allow an optimal integration between different processes of the 
photovoltaic project and environmental factors identified in the area of influence. 
This Plan should be understood as a dynamic tool and therefore variable over time. 
This means that it should act as a continuous improvement mechanism on the proj-
ect’s environmental aspects and their impacts.

The proposed EMP for the project Yantsa Ii Etsari contains the following pro-
grams, each with its specific activities or subprogram, schedule, budget, and respon-
sible people (Urdiales 2014):

Fig. 7.14  Electrified houses of the Yantsa Ii Etsari project. Source: Urdiales (2014)
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•	 Prevention and mitigation
•	 Occupational safety and health
•	 Contingencies and risks
•	 Waste management
•	 Community relationships
•	 Abandonment and restitution of the area
•	 Monitoring, control, and environmental follow-up
•	 Training, education, and diffusion

Since the production of solid waste (hazardous and nonhazardous) at different 
stages of the project has been categorized as severe/critical impact, it is important to 
tackle this problem holistically. Improper handling of waste causes contamination 
of water, air, and soil, landscape deterioration of the area of influence, as well as 
possible effects on people health.

�Toward an Integrated Solid Waste Management

Even though Centrosur has both an instructive for handling materials and wastes 
(Code I – DIGARS-349) and specific forms for handling materials and waste during 
the construction, operation, and maintenance of SHS, a deeper analysis that allows 
integrating the impacts identified and the measures presented in the EMP is neces-
sary (Urdiales 2014).

Integrated solid waste management is ruled by the current legislation regarding 
the control and waste management, summarized in laws and regulations issued 
mainly by the Ministry of Environment. Besides, the Ecuadorian Standard 
Construction NEC-10 Part 14.02 (Renewable Energy) Generation Systems with 
Photovoltaic Solar Energy for Isolated Systems and Network Connection (up to 
100 kW) in Ecuador is taken into consideration (INEN 2010).

Six stages in the integrated waste management proposal were established, from 
the waste identification at the source to final disposal. They are (Urdiales 2014):

•	 Primary disposal
•	 Transport
•	 Secondary disposal
•	 Classification
•	 Treatment
•	 Final disposal

Each stage has clearly defined those responsible for its implementation, depend-
ing on the different players who develop the project (contract managers, contrac-
tors, technicians, staff, etc.)

The main wastes produced in the Yantsa Ii Etsari project are (Urdiales 2014):

•	 Domestic solid waste: due to food consumption, remains of packaging paper, 
plastic, cardboard, and other inert inputs.

•	 Industrial solid waste: remains of construction materials from assembly and dis-
assembly activities. These residues are classified as:

J.L. Espinoza et al.
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•	 Nonhazardous industrial solid waste: products from disassembly of equipment 
such as uncontaminated scrap

•	 Hazardous industrial solid waste: batteries, panels, CFLs, and other components 
that contain heavy metals that can pollute or create pollution risks

Considering both the EMP (waste management program) and Centrosur’s 
instructive for handling materials and wastes, two forms that allow a project inte-
grated waste management were developed:

	1.	 Management of domestic solid waste and nonhazardous industrial solid waste 
	2.	 Management of hazardous industrial solid waste

�Conclusion

The integrated waste management of the Yantsa Ii Etsari project is an important step 
toward environmental sustainability. The effective implementation of the EMP will 
help to prevent and control all negative impacts as well as socializing the project and 
encouraging environmental responsibility in beneficiary communities.

�Sustainability Assessment of Rural Electrification: Further Steps

From previous results and as part of a research in progress carried out by ZEF-
University of Bonn in cooperation with Centrosur, sustainability assessment proto-
cols of decentralized rural electrification in the Amazon region should include the 
following aspects.

�Environmental Dimension

Weigh the environmental impacts of the electricity distribution with renewable 
energy on the Amazon ecosystem from planning, installation, maintenance, and 
decommissioning phases. A key aspect to take into account is waste production and 
management. In addition, the side effects of electricity uses in fragile ecosystems 
are critical as they could foment environmental degradation and deforestation (e.g., 
sawmills). Finally, the contribution of decentralized rural electrification on mitiga-
tion and adaptation to climate change is also a global concern to take into account.

�Economic Dimension

Appraise the financial and economic viability of deploying renewable energy tech-
nology in rural and low-income areas. It is perhaps the most studied issue on rural 
electrification research. However, deepening the understanding on cost-benefit 
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analysis of electricity access on social improvements and environment protections 
is an area that could shed light on the externalities to take into account in financial 
analysis of projects.

�Institutional Dimension

Institutions are the key drivers for development and stakeholder engagement; there-
fore, sustainability models should appraise stakeholder capacity and engagement 
but also participation on projects development.

�Technical Dimension

Appraise availability, reliability, and affordability of technology for the Amazon 
region context. Perhaps renewable energy is not affordable for low-income people, but 
it is the only solution available today to provide electricity to scattered households with 
low energy demand. Focusing the analysis on reliability and meeting users demand for 
development are key areas for decision-making from the technical viewpoint.

�Social Dimension

It is perhaps the most complicated dimension to assess, since it is dependent and 
influenced by development as a whole, and not only on the provision of electricity 
service (Ilskog 2008). However, assessing the social benefits and equity issues are 
highly relevant for project evaluation and monitoring. This crosscutting area is 
involved in all the previous dimensions. Some of the social key issues are:

•	 The impact of electricity on income generation
•	 Support for communal services (health centers, educational centers, etc.)
•	 Preservation of traditional knowledge and practices of the cultural diverse indig-

enous population of the Amazon
•	 Participation and integration of all relevant stakeholders in the process of rural 

electrification

�Spatial Dimension of  Sustainability

Isolation has been the main physical barrier to boost socioeconomic development in 
the Amazon region and other parts of the world. Perhaps this isolation has protected 
the Amazon from urbanization and agriculture expansion. Moreover, the spatial dis-
tribution of different types of ecosystems and indigenous people living in different 
levels of socioeconomic development create a diverse range of human-environment 
interactions. In this regard, making explicit this spatial variation could expand the 
level of analysis but overall the communication and participation of stakeholders in 
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order to progress toward sustainable energy development in fragile ecosystems. For 
instance, maps that shows how electricity access has improved accessibility through 
the reduction of travel time and cost to reach health and education services will have 
an impact on people development but also on reducing greenhouse gas emissions 
from transportation (air, car, boats).

�Stakeholders’ Participation

The multidimensionality and fuzziness of sustainability concepts demand the 
understanding and integration of the different viewpoints. Table 7.4 was an initial 
effort in that direction. However, any sustainability assessment model should con-
sider the active participation of different stakeholders from government, indigenous 
communities, and civil society that have an interest or influence on decentralized 
rural electrification. Their knowledge and needs will make any protocol or model 
for sustainability assessment relevant and salient for policymaking.

In order to monitor and guide the transition toward sustainability in rural electri-
fication projects, clear objectives have to be defined and assessed. However, mea-
suring sustainability is a challenge that has mobilized the scientific community to 
propose a diversity of tools to support decision-makers. Ness et al. (2007) provide a 
categorization of existing tools classified in three big groups: indicators, product-
related assessment, and integrated assessment methods.

•	 Indicators are extensively used for sustainability assessment. In this chapter, by 
using an existing sustainability framework of indicators (Ilskog 2008), a research 
plan was proposed in order to shed light on how to promote sustainability of rural 
electrification projects.

•	 Product-related assessment focuses on assessing flows of resources and services. 
For instance, a “Life Cycle Assessment” of SHS could help to understand the 
contribution of rural electrification in greenhouse emissions scenarios. In addi-
tion, a “product material flow analysis” could help to assess the material input 
per unit of energy delivered, which is a key aspect on waste management.

•	 Integrated assessment looks at system analysis approaches. It means that rural 
electrification should not be treated as a technical or economic problem, but as an 
interconnected entity. This type of analysis is more interested on relationship 
rather than elements of the system. For instance, “system dynamics” provide a 
potential platform for research on modeling rural electrification as a system, where 
social, environmental, and technical variables are integrated and simulated.

�Conclusions and Discussion

The ecological importance of the Amazon region for climate regulation but also as a 
source of high biological and cultural diversity is generally accepted. Human devel-
opment in this region is very low, and improving their living conditions could help to 
counteract the environmental degradation of this sensible ecosystem. Providing 
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electricity service sets the background for the provision of other services like health, 
education, and telecommunication. However, deploying technology for electricity sup-
ply in isolated and low-income areas represents a challenge still unsolved worldwide.

This chapter introduces the project Yantsa Ii Etsari, which has almost reach 
universal access to electricity in the southern Ecuadorian Amazon. In the sake to 
improve the sustainability of electricity provision, a cooperation with the academia 
of Ecuador (University of Cuenca) and Germany (ZEF-University of Bonn) was set 
in order to research on key areas that could provide better understanding on how to 
improve the sustainability of the project.

Four research projects were presented “local utility involvement and stakeholder 
participation,” “development of a solar boat prototype,” “design of an automatic 
reliability-centered maintenance model,” and “integrated waste management sys-
tem.” Each focused on different sustainability dimensions and provided the basis for 
discussion and policy.

This chapter demonstrates that cooperation between practitioners (Electricity 
Company) and researchers (University) provides a unique opportunity to discuss 
and understand how to promote sustainability in isolated and fragile areas. However, 
how to translate research outcomes into energy policies is a challenge.
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Chapter 8
Estimation of Landfill Methane Generation 
from Solid Waste Management Options 
in the Galapagos Islands

Rodny Peñafiel, Lucila Pesántez, and Valeria Ochoa-Herrera

�Introduction

Solid waste management in fragile environments is a serious problem especially on 
small isolated islands that are tourist attractions (Chen et al. 2005). Waste generation 
in such places has rapidly increased and waste management options are limited 
(Mohee et al. 2015). Furthermore, increasing tourism, lack of treatment or disposal 
infrastructure, and difficulty of exporting waste to the continent worsen the situation 
(Santamarta et al. 2014). Galapagos Islands have a unique and fragile environment 
threatened by inefficient solid waste management (Baine et  al. 2007). Moreover, 
sanitation in these islands requires significant improvement in order to properly pro-
tect marine resources (Dirección del Parque Nacional Galápagos 2014). Solid waste 
final disposal in landfills has been primarily used in isolated environments. 
Nevertheless, recyclable waste separation and biomass composting are considered to 
have important environmental advantages over landfilling (Mohee et  al. 2015). 
Methane emissions in landfills are of global concern due to their global warming 
potential (GWP). Landfills are import methane generators, representing approxi-
mately 19% of all anthropogenic emissions (Czepiel et al. 2003). Landfill gas may 
be collected in pipes, and its energy may be recovered for local use (Thompson et al. 
2009); nevertheless in conventional small-scale landfills (less than two million tons) 
methane recovery rate may be fairly small, around 5% (Bo-Feng et al. 2014). A sig-
nificant increase in population and solid waste generation is expected in the Islands 
for the next 15 years. The research reported in this chapter estimates landfill methane 
production from waste management disposal options for Santa Cruz, San Cristobal, 
and Isabela Islands. 90% of the Galapagos population lives on these three islands 
(INEC 2010). An evaluation of two waste management disposal scenarios in terms 
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of their landfill methane generation was conducted. This evaluation considered the 
following: (1) all waste generated in the islands will be landfilled and biogas will be 
vented; (2) 60% of recyclable waste will be segregated and exported to the mainland; 
(3) 40% of biomass will be composted, and the rest will be landfilled.

�Estimation of Solid Waste Generation

Population growth in the islands was based on INEC1 2010 projections. Solid waste 
production was determined in accordance with MAE (2016)2 solid waste estima-
tions and records from the Environmental Department of San Cristobal municipal-
ity. Table 8.1 shows information on the population and solid waste generation from 
2010 to 2014 in San Cristobal. A per capita solid waste generation rate between 0.41 
and 0.61 kg capita−1 d−1 was determined. These results are in the expected range of 
solid waste generation rates for isolated islands. According to Mohee et al. (2015) 
in Caribbean and Pacific islands with a Human Development Index (HDI) similar to 
Ecuador, a solid waste generation rate between 0.4 and 2.5  kg capita−1 d−1 is 
expected. The solid waste generation rates in San Cristobal for the period 2016 to 
2031 were estimated from records reported in that island. An annual increment of 
the solid waste generation rate of 3.5 × 10−2 kg capita−1 d−1 was determined. Due to 
similarities in socioeconomic and environmental conditions of the islands (INEC 
2010), the same solid waste production rate and annual increment were chosen for 
Santa Cruz and Isabela.

Figure 8.1 shows the forecasted population growth for the period 2016–2031 
according to INEC (2010) predictions.

Figure 8.1 shows a 1.4-fold population increase in Santa Cruz for the period 
2016–2031. Figure 8.2 shows a 2.7-fold increase in solid waste generation for that 
island. On the other hand, in San Cristobal and Isabela islands, the corresponding 
increases in population were 1.3 and 1.4, and the increases in solid waste generation 
were 2.6 and 2.8, respectively. The accumulated solid waste generation quantities at 

1 INEC (2010): National Institute for Statistics and Census of Ecuador.
2 MAE: Ministry of Environment of Ecuador.

Table 8.1  Solid waste generation in San Cristobal

Year
San Cristobal 
population

Solid waste generation  
(ton year−1)

Solid waste generation rate  
(kg capita−1 d−1)

2010 7707 1157 0.41
2011 7899 1210 0.42
2012 8095 1361 0.46
2013 8293 1859 0.61
2014 8493 1763 0.57
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the end of the 15 year-period are 123,495 tons in Santa Cruz, 58,436 tons in San 
Cristobal, and 18,951 tons in Isabela.

Table 8.2 shows the solid waste composition of the three islands. In Santa Cruz 
and San Cristobal, the largest waste component was residual wastes (43% and 50%) 
and organic wastes (food residues) were the second largest contributor (38% to 
39%). These results are similar to the solid waste characteristics from various 
Caribbean and Pacific islands, which show organic content ranging between 41% 
and 46% (Mohee et al. 2015). By comparison, the largest component in Isabela was 
organics (86%). This island has a much smaller population than Santa Cruz and San 
Cristobal and less tourism influence (INEC 2010), which may explain the composi-
tion differences.
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�Estimation of Landfill Methane Generation

Two scenarios were considered in estimating landfill methane generation: (1) all 
waste will be landfilled and biogas will be vented through pipes; (2) 60% of paper, 
cardboard and plastics will be recycled and the rest will be landfilled, 40% of organic 
waste will be composted, and the rest landfilled. A 15-year period was selected as the 
solid waste disposal time (active operation time) of the hypothetical landfill in both 
scenarios. Waste composition is assumed to remain constant during the landfill oper-
ation period 2016–2031. Due to the small size of the required landfill in each island 
and the technological limitations present in isolated locations, landfill gas recovery 
was not considered a viable option (Bo-Feng et al. 2014; Mohee et al. 2015).

Landfill methane gas generation was estimated according to the first-order 
Scholl-Canyon model (IPCC 2006). This model is extensively used for estimation 
of landfill gas generation and has provided better results than other methods such as 
zero-order methods (Thompson et  al. 2009; Kumar and Sharma 2014). Scholl-
Canyon model is based on a first-order decay of methane generation and can be 
expressed by the following equation:

	 Q M k L e kt= −
0 	 (8.1)

where Q stands for methane generation (ton year−1), M is the solid waste deposited 
in the landfill (ton year−1), k is the first-order methane decay rate (year−1), L0 is the 
methane generation potential (tonCH4 tonwaste

−1), and t is the time after solid waste 
disposal (year). A modified Scholl-Canyon model, the LandGEM model, is recom-
mended by the US Environmental Protection Agency (USEPA 2005) and divides 
the amount of waste M by 10 (Eq. 8.2):

	
Q

M
k L e kt= −

10 0

	
(8.2)

Thompson et  al. 2009 have shown that the mean absolute error of the model 
compared to methane recovery rates of 35 different landfills is minimized when the 
divisor ranges between 1.5 and 2.3 (a divisor equal to 10 resulted in much larger 
absolute errors). For the present study, a modified Scholl-Canyon model with a divi-
sor n = 2 was selected (see Eq. 8.3):

Table 8.2  Solid waste composition in the Galapagos Islands

Santa Cruz San Cristobal Isabela

Component % (w/w) % (w/w) % (w/w)
Organics 39 38 86
Plastics, glass, and metals 11 9 6
Paper and cardboard 7 3 1
Rest 43 50 7

R. Peñafiel et al.
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Q

M

n
k L e kt= −

0

	
(8.3)

The total methane generation was determined as the summation of the generated 
methane arising from disposed waste in the landfill every half year (divisor n = 2), 
that is:

	
Q k L

M
e

i

N
kti

total =
=

−∑0
1 2 	

(8.4)

where N is the number of periods (half year periods) required for landfill stabiliza-
tion. N equals 100 for a stabilization time of 50 years, which was selected for this 
study (McBean et al. 1994). The methane generation potential (tonCH4 tonwaste

−1), L0, 
is the amount of methane that is generated by the anaerobic degradation of a certain 
amount of solid waste. This was determined for rapidly biodegradable waste (organ-
ics and paper and cardboard) and slowly biodegradable waste (residual waste) from 
the element composition of their biodegradable volatile solids. A mass balance 
equation was used for determining the amount of methane (Eq. 8.5):
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(8.5)

A methane decay rate k (year−1) for rapidly and slowly biodegradable waste cor-
responding to half-life times, t1/2, of 5 and 20  years, respectively, was selected 
(Scharff and Jacobs 2006):

	
k

t
=
ln

/

2

1 2 	
(8.6)

�Scenario 1: Landfill

In this scenario, organics and paper and cardboard are assumed to biodegrade rapidly. 
Plastics and glass are considered as nonbiodegradable, whereas the rest is considered 
to biodegrade slowly (Tchobanoglous et al. 1998). Humidity (%H), volatile solids 
(%VS), biodegradable volatile solids (%BVS), and element composition of the rap-
idly and slowly biodegradable components for Santa Cruz, San Cristobal, and Isabela 
are presented in Table 8.3. Humidity varied between 50% and 65% (percent by weight 
as collected) for rapidly and slowly biodegradable components in all islands, whereas 
volatile solid ranged between 29% and 41%. The percentage of biodegradable 
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volatile solids varied between 12% and 26%. L0, the methane generation potential, 
ranged between 4.73 × 10−2 and 8.22 × 10−2 tonCH4 tonBVS

−1; this is equivalent to 115 
to 66 m3

CH4 tonBVS
−1 (1 atm and 273 K), which is in the expected range reported for 

organic wastes (Kumar and Sharma 2014; Thompson et  al. 2009). The first-order 
methane decay rate, k, used for this study was 0.139 year−1 for rapidly biodegrading 
waste and 0.035 year−1 for slowly biodegrading waste. This is consistent with reported 
values of 0.187–0.231 years−1 for rapidly biodegradable waste such as food and gar-
den waste and 0.030 years−1 for slowly biodegrading waste materials (Scharff and 
Jacobs 2006; Kumar and Sharma 2014).

Figure 8.3 shows landfill methane production in San Cristobal in scenario, 1 
(Scholl-Canyon model, n = 2). Dotted lines stand for methane generation of rapidly 
biodegrading wastes deposited every 0.5 years (rapid methane generation), which 
shows a peak in the first year and a first-order methane generation decay afterward. 
The total rapid methane generation is obtained by adding up the generation of all 
wastes disposed in the 15 years of landfill active operation. Figure 8.4 depicts meth-
ane generation for rapidly and slowly biodegrading waste (slow methane generation) 
in San Cristobal for a period of 50 years (landfill stabilization time). The first 15 years 
correspond to the landfill active operation period and the following 35 years are the 
landfills after-closure period. Total and rapid methane generation peaks after 16 years, 
whereas slow methane generation peaks after 18 years. Rapid methane generation is 
330% larger than slow methane generation at their peaks. Nevertheless after 16 years 
there is a steep decrease in rapid methane generation rate, which in year 30 equals 
slow biodegradable methane generation. In the following 20 years, most methane is 
generated by slow biodegradable organic matter. Figure 8.5 compares total methane 
generation (rapidly and slow methane generation) in the three islands. Methane 

Table 8.3  Solid waste characteristics (percent by weight as collected)

%H %VS %BVS

L0

tonCH4 
tonBVS

−1

k
year−1

Element composition 
of BVS

Santa Cruz
Rapidly biodegradable 
fraction

61 37 26 5.71 × 10−2 0.139 C27.0H43.6O17.0N

Slowly biodegradable 
fraction

50 41 15 4.73 × 10−2 0.035 C24.5H39.3O14.9N

San Cristobal
Rapidly biodegradable 
fraction

65 34 24 8.22 × 10−2 0.139 C24.5H39.4O15.0N

Slowly biodegradable 
fraction

54 36 13 4.73 × 10−2 0.035 C22.9H36.7O13.7N

Isabela
Rapidly biodegradable 
fraction

69 29 22 5.71 × 10−2 0.139 C22.4H35.9O13.3N

Slowly biodegradable 
fraction

65 33 12 4.73 × 10−2 0.035 C21.7H34.8O12.8N

R. Peñafiel et al.
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generation in all islands increases rapidly and peaks 16 years after waste deposition. 
The highest methane generation takes place in Santa Cruz, which at its peak is 2.4 
and 4 times larger than in San Cristobal and Isabela, respectively. Accumulated meth-
ane generation is depicted in Fig.  8.6. In Santa Cruz, San Cristobal, and Isabela, 
11,526, 5131, and 2588 tons of cumulative methane are correspondingly generated 
within the 50-year landfill stabilization time.
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Fig. 8.3  San Cristobal rapid biodegradable methane generation Scholl-Canyon model (n = 2). Scenario 1

Fig. 8.4  San Cristobal slow methane generation—Scholl-Canyon model (n = 2). Scenario
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�Scenario 2: Recycling

In scenario 2, 40% of organic matter is composted, 60% of recyclable waste (paper, 
cardboard and plastics) is separated and transported to the mainland, and the rest is 
disposed of. Therefore, 60% of organics, 40% of paper, cardboard, and the residual 
wastes are landfilled and degrade anaerobically to produce biogas. For this scenario, 
the accumulated solid waste generation quantities for the 15-year period were 
85,770 tons in Santa Cruz, 43,205 tons in San Cristobal, and 11,242 tons in Isabela. 
Methane generation is shown in Fig. 8.7 for Santa Cruz scenario 2 (recycling), and 
it is compared to scenario 1 (landfill). Methane generation peaks in both scenarios 
at year 16. At the peak, methane generation for scenario 1 amounts to 331 ton year−1, 
which is 59% larger than methane generation in scenario 2. Figure 8.8 shows the 
accumulated landfill methane generation for Galapagos (total of the three islands). 
After 16 years, the accumulated methane generation for scenario 2 is 38% lower 
than in scenario 1. Nevertheless, this percentage decreases with time, so that at year 
50 the accumulated generation is 33% smaller for the recycling scenario. Table 8.4 
shows the accumulated landfill methane generation for the three islands 50 years 
after initial waste disposal. Rapid methane generation for scenario 1 equals 78% of 
total methane generation, whereas for scenario 2 this percentage diminishes to 67%. 
Furthermore, rapid methane generation in scenario 2 equals 58% of the rapid meth-
ane generation in scenario 1. Santa Cruz and San Cristobal generate 87% of all 
landfill methane in both scenarios. In contrast Isabela generates only 13%.
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�Conclusions

A population increase of 30% to 40% in Galapagos Islands is expected for the next 
15 years, while a larger raise in solid waste generation is forecasted ranging from 160% 
to 180%. For scenario 1, Santa Cruz generates 123.5 × 103 ton of waste; San Cristobal 
generates 58.4 × 103 ton; Isabela generates 18.9 × 103 ton. By the use of recycling 
(scenario 2), a reduction in 30% of waste disposed to the landfill may be achieved.

According to a modified Scholl-Canyon model (n = 2), landfill methane generation rate 
in Galapagos peaks after 16 years of waste disposal and amounts 331 ton year−1 for scenario 
1 (landfill). In scenario 2 (recycling), a 37% decrease in methane generation rate (at the peak) 
can be obtained. The rapidly biodegradable fraction generates 78% of the total accumulated 
methane generation by the landfill option, while recycling diminishes this to 67%. In both 
scenarios, Santa Cruz and San Cristobal generate 87% of accumulated landfill methane.
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Table 8.4  Landfill methane generation scenarios 2016–2066*

Santa 
Cruz San Cristobal Isabela

Scenario 1: landfill Rapid methane generation (ton) 8822 3670 2517
Slow methane generation (ton) 2705 1498 71
Total methane generation (ton) 11,527 5168 2588

Scenario 2: recycling Rapid methane generation (ton) 5036 2141 1502
Slow methane generation (ton) 2705 1498 71
Total methane generation (ton) 7741 3624 1573

*Fifty-year landfill stabilization time frame
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Due to the small size of the landfills in Galapagos Islands involved in the 15-year 
waste disposal period and considering the technological restrictions in isolated environ-
ments, landfill gas collection and use is not considered a viable. In order to reduce GHG 
emission from landfills in Galapagos, enhanced use of organic waste, especially in Santa 
Cruz and San Cristobal, is a better option.
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Chapter 9
Biodigesters as a Community-Based 
Sustainable Energy Solution

Elizabeth Romo-Rábago, Irene M. Herremans, and Patrick Hettiaratchi

�Introduction

The development of alternative energies is becoming more important as the use of 
fossil fuels are becoming recognized as a link to climate change. Alternative ener-
gies can also contribute to poverty abatement. According to Takada and Charles 
(2006), biomass (energy produced from organic sources such as wood, waste, gar-
bage, or animal matter) is recognized as the prime source of energy for the poor. A 
biodigester is the technology used to recover methane and other by-products from 
animal waste through anaerobic digestion (Fig. 9.1).

This process stabilizes the organic matter, reduces pathogens and odors, and 
reduces the total solids and sludge quantities by converting part of the volatile solids 
to biogas (Burke 2001; Rowse 2011). It is estimated that by 2050, sustainable bio-
fuel and biomass production could add 100 EJ (ExaJoule) to the global energy sup-
ply with few or no net CO2e emissions.

However, there are many challenges for developing biomass as an effective sus-
tainable source of energy. One of them is implementing effective technology best 
suited to the end user and the location.
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It is well known that the lowest-income populations spend a substantial share of 
their income and/or time on low-efficient energy (Daisy and Kamaraj 2011). About 
79% of the lowest-income households use wood almost exclusively for cooking, 
which confirms the dependency on biomass for basic survival activities. Wood pro-
vides 15% efficiency for cooking, while biogas provides 60% efficiency. Biogas can 
be generated by natural occurring degradation of human and animal waste. 
Anaerobic digestion appears to be the most suitable alternative for waste treatment 
and biogas generation (Takada and Charles 2006; Rowse 2011; Daisy and Kamaraj 
2011).

The use of biodigesters has a long history dating back 2000–3000 years ago to 
ancient China. In 1859, the first digestion plant was built at a leper colony in 
Bombay, India. However, the high cost and the time-consuming nature of construct-
ing a biodigester was an important factor in limiting its distribution.

More recently, during the 1970s, biodigesters gained popularity in developed 
countries, but the high cost and complex technology used for biodigesters prevented 
developing countries from accessing them. It was not until the late 1980s that low-
cost biodigesters were developed.

This technology is currently growing in popularity and offers developing coun-
tries a sustainable source of energy that could improve quality of life (Harris 2012).

Some important characteristics of low-cost biodigesters are that they do not 
require a heating system or mixing mechanisms such as those used in largescale 
facilities which however, the costs for building a biodigester. In addition, a low-cost 
biodigester can provide a community with important benefits (Rowse 2011; Marti 
Herrero 2012) including:

	1.	 Energy generated through methane production can be used for cooking and heat-
ing or electricity generation.

	2.	 An odorless slurry is produced that can be used as a fertilizer for improving the 
crop productivity because it contains nitrogen and phosphorous.

Animal and human 
waste

Agriculture residues

Biogas for cooking, 
lighting, and heating

Soil conditioner and 
fertilizer

BIOGAS 
STORAGE

Fig. 9.1  Diagram of a typical low-cost biodigester. Reproduced from Romo-Rabago (2014)
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	3.	 Improved health benefits because biogas do not release toxic gases.
	4.	 Women are empowered because in most developing countries, women and girls 

are responsible for cooking and a key element in the operation of the 
biodigester.

	5.	 Animal manure can be disposed of safely; reducing smells, flies, and the spread 
of diseases.

	6.	 Using fewer trees for cooking will reduce GHG emissions and provide environ-
mental benefits.

	7.	 Workload is reduced because the time needed for loading the biodigester with 
fresh manure is less than that required for collecting wood fire and is cheaper 
than buying fuel.

	8.	 It is a sustainable technology that it is simple and uses local materials, reducing 
operational and maintenance costs.

However, to maximize these benefits, it is important that before installing a low-
cost biodigester, local conditions are well understood. Factors such as climate, type 
of waste being digested, its concentration, and presence of toxic metals as well as 
socioeconomic and environmental conditions are very important criteria for select-
ing the best and most suitable biodigester (Pulamte and Abrol 2003).

�Jiudao Yakou, China

The Jiudao Yakou village is located in southwestern China in Yunnan province, 
800 km from Kunming city, its capital. This province is part of China’s western 
provinces in which most of the poor people of China live in widely dispersed rural 
communities that have little infrastructure and low levels of access to modern 
energy services. At present, there are around 4.6 million households, mostly in 
remote areas far away from power grids, and lacking access to electricity.

Although the western provinces comprise China’s poorest areas, they are also 
endowed with the country’s richest renewable energy resources, including wind, 
hydro, solar, and biomass. Currently, biomass is satisfying most of rural China’s 
energy demands, mainly in the traditional forms of agricultural wastes and forestry 
residues (Global Network on Energy for Sustainable Development [GNESD] 2002).

Yunnan is China’s most biologically and culturally diverse province. Although, 
Yunnan Province has less than 4% of the land of China, it contains about half of 
China’s birds and mammals. The province has snow-capped mountains and tropical 
environments that support a variety of species. One of the ethnic groups is the Hani, 
who live in the mountainous area and have a long tradition of rice terrace agriculture 
(Liang 2011). However, Yunnan, similar to other provinces in China, is having prob-
lems due to fast economic development and urbanization. Since the 1990s, the eco-
logical footprint of Yunnan changed from a surplus to a deficit which has increased 

9  Biodigesters as a Community-Based Sustainable Energy Solution



156

rapidly. Intensive wood collection for fuel and building supplies, loss of habitat, and 
increases in energy consumption and animal food have been some of the unsustain-
able practices that have occurred (Ying et al. 2009).

Currently, the Jiudao Yakou village is struggling with three main issues. Water is 
the first and most important issue for the residents. Since this village does not have 
running water, their water sources come primarily from rainwater capture devices 
installed throughout the village. This water is used for cooking and watering corn 
crops through a cistern that each family at the village has access to. Attempts to 
hand drill for water have are limited because of the soil characteristics (limestone 
formation). The second issue is energy. Although the residents are connected to the 
electric grid, the service is uncertain because of weather conditions. Electricity 
transmission poles are prone to falling down, requiring weeks to fix and is not a reli-
able source of energy. Villagers spend about half of the day collecting firewood for 
cooking. There is also a need for a waste management plan to handle human and 
animal wastes because of a primitive latrines, and untreated human and animal 
wastes contain high concentrations of viruses and bacteria. Health risks increase 
when people are directly exposed to biological waste or when water supplies 
become contaminated (Eco Village 2012).

The installation of a low-cost biodigester offers a sustainable and affordable 
opportunity for treating and recycling human and animal waste, taking advantage of 
the organic content to produce fuel in the form of biogas. To achieve these benefits, 
a low-cost biodigester project has to incorporate social and biological systems char-
acteristic of the village and an integral part of the technology transfer process.

�San Cristobal, Galapagos Islands

The Galapagos Islands are a World Heritage Site, surrounded by an extensive marine 
reserve which is home to some of the world’s most unique ecosystems. Some of the 
islands are inhabited. By 2006, three urban districts held 83% of the total popula-
tion, with San Cristobal accounting for 36% (9,045) of Galapagos inhabitants. San 
Cristobal is the second most inhabited island after Santa Cruz, and a recent census 
estimated the population of Galapagos Islands at about 25,000 people. Of this total 
population, 17% live in the rural areas of the island (GNPS et al. 2013). The land 
area of San Cristobal is approximately 55,709 hectares, of which 80% is protected. 
The urban land area of San Cristobal is approximately 733.6 hectares, and is close 
to the highest point on the island (Teran 2008).

San Cristobal’s environment is under stress and ecologically sensitive. Therefore, 
waste management is a critical issue. The current open dump on the island has sev-
eral environmental problems, such as uncontrolled reproduction of cats, dogs, 
seagulls, and flies, bad odors, and uncontrolled leachate generation. Fossil fuels 
used for cooking come from the mainland, as people are dependent on outside 
energy sources.

E. Romo-Rábago et al.
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Since the implementation of San Cristobal’s solid waste management plan, there 
have been some issues regarding the operation of the composter facility and sanitary 
landfill. Poor planning in determining the size of the landfill has resulted in reaching 
its capacity. It can no longer manage non-recyclable waste after 8 years of operation 
(Peñafiel 2015; Zapata 2012). Currently, the solid waste facility and landfill are 
located 10 min away from Puerto Baquerizo on the borders of San Cristobal’s urban 
area and 4.5 km toward El Progreso, the agricultural area of the island. The area 
where the facility and sanitary landfill exist is a total of 5 hectares. It is estimated 
that approximately 92% of the waste generated in San Cristobal comes from the 
urban and rural sectors, while 8% comes from the tourism and commercial sectors 
(Government of San Cristobal 2012).

�Technology Transfer

Technology transfer is an interactive process between technology specialists and 
final users. This process is key for successful implementation of a technology. It is 
complicated because there is a gap between technology development and its appli-
cation and weak interaction among scientists, external experts, and users (Pulamte 
and Abrol 2003). For example, in most biodigester developments, designers and 
administrators pay sufficient attention to the construction process; however, follow-
up management, operations, daily maintenance, and repair work have not been well 
designed or carried out, which has resulted in inadequate technical services and 
support. Often, the social and cultural dimensions of technology transfer are ignored. 
This has resulted in the paradoxical situation of progress in biodigester construc-
tion, but households unable to actually benefit from it (Pulamte and Abrol 2003). 
For a biodigester to be a sustainable project, a holistic approach that considers the 
biosocial system, needs to be used. As Ehrenfeld (2008) suggests, if we want some-
thing to change, we needs to look at the structure that creates action.

In this case, to successfully implement a low-cost biodigester in the Jiudao 
Yakou village or the San Cristobal contexts, it is necessary to consider the culture 
of the residents and identify what is driving unsustainable practices related to water, 
energy, and waste management. The installation of a low-cost biodigester in spe-
cific contexts attempts to creates a more efficient waste management system with 
biogas generation for heat and cooking. Biodigesters have some risks and stresses 
such as biogas flammability, waste availability, inefficient management, mainte-
nance, and operation. As well, it also requires a change in behavior to adjust to the 
new way of disposing of waste. Using Kofinas and Chapin’s (2009) “adaptive 
capacity” framework (Fig. 9.2), the immediate impacts of these risks could be the 
biodigester’s poor management, thus causing insufficient waste for generating bio-
gas for the village. However, effective instructions for the installer, operator, and 
end user about safe operation of the equipment and its maintenance can improve the 
biodigester’s management and eliminate or reduce the danger of biogas flammabil-
ity. To have enough waste to generate biogas, a variety of waste is recommended. 
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Kofinas and Chapin (2009, p. 67) state that “Diversity provides the raw material or 
building blocks on which adaptation can act”. Therefore, other sources of waste, 
such as human and animal waste, as well as by-products from crops, can be used to 
generate sufficient biogas. Finally, in regard to the new way of disposing of waste, 
social learning networks and local knowledge can be effective. One advantage the 
Chinese village has is that one of its residents has built a biodigester for his family 
and is ready to assist in the construction and operation of the biodigester. Moreover, 
residents are willing to change current beliefs and norms for something new that is 
socially desirable. Regarding the Galapagos context, there are a number of govern-
mental and private sector organizations as well as academic institutions that are 
working hard to improve waste management on the island, including environmental 
education programs for the schools and the general public.

�Environmental and Socioeconomic Benefits for the Jiudao 
Yakou Village

As mentioned earlier the Jiudao Yakou village is a leprosy community located in the 
Yunnan province, which is one of the world’s biodiversity hotspots. However, 
Yunnan’s natural resources are seriously under threat because its population highly 
depends upon the local ecosystem for its food and resources. Based on a feasibility 
study conducted in collaboration with the University of Calgary and the Eco Village 
of Hope Society, there are a number of benefits that a low-cost biodigester can bring 
to the village (Table 9.1). The installation of a low-cost biodigester at the Jiudao 
Yakou village has potential to provide villagers with a renewable energy source with 
multiple environmental and socioeconomic benefits, but it will also provide an 

Open Dump
Waste generation
Wood fire collection
Fossil Fuels 
consumption 

INNOVATION & 
EXPERIMENTATION

Waste’s 
diversification
Crop’s diversification
Local knowledge

Biogas generation for 
heat and cooking
Functional 
biodigester
Efficient waste 

SYSTEM 
DYNAMI

BIODIGESTER

Fig. 9.2  Adaptive capacity framework. Reproduced from Romo-Rabago (2014)
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efficient sanitary system that is relatively affordable and easy to operate and main-
tain. If successful, this project will be of interest throughout China, as an effective 
approach for sustainable energy development.

�Environmental and Socioeconomic Benefits for San Cristobal

Similar to Jiudao Yakou village, San Cristobal has a fragile environment which is 
being impacted by human economic development and growth. Based on a feasibil-
ity study conducted in collaboration with the University of Calgary and the 
Universidad de San Francisco de Quito, a biodigester could bring multiple benefits 
to the island. Table 9.2 summarizes some possible benefits.

�Conclusion

Biodigester technology transfer could be a sustainable solution for developing 
countries if biosocial conditions are well understood. In the case of the Jiudao Yakou 
village, as well as San Cristobal, the successful implementation of a low-cost biodi-
gester depends on the adaptive capacity of the residents which involves innovation 
and experimentation (as in Fig. 9.2). 

However, if it is successful, this technology will provide the residents with a 
sustainable source of energy that helps to alleviate the demand for fossil fuels and 
fuel wood and offers a more efficient waste management system. Therefore, the 
well-being of natural capital, as well as human capital will be improved because of 
avoidance of water, soil, and food crop contamination as a result of adequate human 
and animal waste management.

Table 9.1  Summary of potential biogas benefits at the Jiudao Yakou village, China

Biodigester’s benefits at Jiudao Yakou village, China

Environment GHG reduction 71.35 t CO2eq/year
Deforestation reduction 8.3 ton/year = 138 trees

Economic Fuel and fertilizer reduction >5% savings
Increase in crop yields 20–50%

Social Reduction in time for firewood 
collection

>3 h/day

Health improvement CO, CO2, SOx, H2S, and PM below 
detection limits

Technical Clean fuel for cooking >60% fuel needs covered by biogas
Clean fuel for lighting

Reproduced from Romo-Rabago (2014)
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Chapter 10
Sustainable Energy Mix + Fragile 
Environments in Canada’s Northern Coastal 
Zone: Is Technology Enough?

Mary-Ellen Tyler and Allan Ingelson

�Northern Fragile Environments

Canada is officially 150  years old as a nation as of July 1, 2017. For the last 
150 years, Canada’s settlement history as a northern country rich in land and natural 
resources has clearly demonstrated the importance of natural resources, transporta-
tion, and energy in national patterns of settlement, economic development, and poli-
tics. Over the next 50  years, natural resources, transportation, and energy will 
continue to drive Canada’s future evolution. However, in many ways, Canada is at a 
significant policy “crossroads” with respect to the social and cultural values, geo-
politics, and global climate variability that will drive future natural resource and 
energy development.

Canada is bound on the south by the 49th parallel along its border with the con-
tinental United States of America (USA) and extends north of the 60th parallel to 
the Arctic Circle. Canada has the longest coastline in the world created by oceans on 
its western, eastern, and northern boundaries and the second largest landmass in the 
world (Statistics Canada 2014). However, its total population is approximately 36 
million people, compared to the American state of California with an estimated 
population of 39.5 million people (United Nations 2017; World Population Review 
2017). Canada’s population is also highly urbanized with 80% located within 250 
kilometers (km) of its southern border with the USA.

M.-E. Tyler (*)
Faculty of Environmental Design, University of Calgary, Calgary, AB, Canada
e-mail: tyler@ucalgary.ca 

A. Ingelson
Faculty of Law, Canadian Institute of Resources Law, University of Calgary,  
Calgary, AB, Canada 
e-mail: allan.ingelson@ucalgary.ca

mailto:tyler@ucalgary.ca
mailto:allan.ingelson@ucalgary.ca


164

Historically, this settlement pattern reflects the relatively milder climate, longer 
growing season, and relatively accessible terrain of southern Canada that enabled 
construction of national transportation and energy infrastructure. Canada’s popula-
tion has historically clustered along the 49th parallel in the south. In contrast, the 
development of Canada’s natural resources (forestry, mining, and energy) is geo-
graphically in the “near north” south of the 60th parallel, which encompasses the 
northern extent of Canada’s ten provinces and the southern extent of Canada’s fed-
eral territories  – Yukon, Northwest Territories, and the eastern Arctic’s self-
governing Inuit territory of Nunavut.

Cold environments are “fragile” environments because long winters, short sum-
mers, low rates of available precipitation, and extremely low seasonal temperatures 
and light all contribute to limiting biogeochemical processes and ecosystem produc-
tivity. Canada’s maritime Arctic coastal zone is a remote fragile area of approxi-
mately two million square km. It encompasses approximately 36,000 islands with 
many ecologically sensitive areas vulnerable to development and shipping impacts. 
This coastal zone is home to less than 30,000 people, who are primarily indigenous. 
It is an important habitat for marine mammals, seabirds, polar bears, and caribou. 
Due to extreme climatic and geographic conditions, there is almost no conventional 
transportation infrastructure, and air access is infrequent and expensive. The 
Canadian government’s sea ice observations over the past 30 years show high year-
to-year variability in sea ice coverage and indicate negative trends in ice coverage 
for both eastern and western maritime coastal regions. This sea ice loss could enable 
increased destination-specific seasonal Arctic shipping activity in the future (AMSA 
2009). There is significant uncertainty associated with climatic projections, but 
AMSA scenarios suggest that within the next 10 years, resource development, oil 
and gas, ecotourism, fishing, and global shipping pressures will result in increased 
dry bulk, liquid bulk, supply/resupply, cruise, and container shipping seasonal activ-
ity. Year-round sea ice conditions, uncertainty, and risks will control the costs and 
feasibility of commercial shipping activity. “With the exception of nuclear ice 
breakers, very few ships have been built that could safely carry out year round com-
mercial navigation in the Canadian Arctic” (AMSA 2009, p. 112).

�Oil and Gas Reserves in Northern Fragile Environments

While the nineteenth and twentieth centuries in Canada’s history have been shaped 
by the natural resources, transportation, energy, and development policies of the 
“south” and “near north,” the twenty-first century will likely be shaped by the north-
ern coastal zone of the “far north.” Specifically, Bird et  al. (2008) estimated the 
Arctic holds roughly 618 billion barrels of oil (BBO). An estimated 2.5 BBO previ-
ously identified in the Northwest Canadian Interior Basins have not yet been put 
into production. The Artic contains three times as much natural gas as oil on an 
energy-equivalent basis (Nong 2011). Imperial Oil based in Calgary, Alberta, has 
already expressed interest in the development of ultra-deep offshore oil drilling on 
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Canadian leases in the Beaufort Sea that could produce more than a billion barrels 
of oil at an estimated development cost of at least ten billion dollars (Dawson 2014).

There are similarities between remote fragile environments whether they are 
cold climate, hot arid climate, or small island developing states (SIDS) related to 
sustainable energy mix and fragile environment issues. Muir (2013) has identified 
three similarities:

•	 The need to adapt to climate variability including changing precipitation patterns 
and higher temperatures;

•	 The need for investment, technology transfer, and capacity development to sup-
port renewable energy technologies;

•	 A dependency on hydrocarbons to generate electricity.

Although manifested differently in significantly different situations, these three 
issues are exacerbated by problems of access and accessibility associated with geo-
graphic isolation in rural and remote contexts that contribute to high prices for 
domestic energy, transportation, and basic goods and services.

In a Canadian context, Natural Resources Canada (2011, p.  4) identified 292 
remote communities defined as not connected to the North American electrical grid 
or to a piped natural gas network. Based on Statistics Canada 2006 Census reports, 
these “off-grid” northern and northern coast communities have a total population of 
194,281 of which 65% are Aboriginal (First Nations, Metis, and Inuit peoples). All 
of these communities are located within an area “extending from over 20 degrees of 
latitude and 90 degrees of longitude and from artic dry climate to sea-coast humid 
forestry climate and from mountainous to plain regions”(Natural Resources Canada 
2011, p. 38) which represents portions of seven Canadian provinces and three ter-
ritories. A total of 251 or 86% of these communities have their own fossil fuel 
power plants producing 453.3 MW (Natural Resources Canada 2011, p. 6) which 
are subsidized to varying rates and levels by federal, provincial, and territorial 
governments.

All of these communities have a high degree of dependency on imported fuel and 
its associated high costs. The cost of producing off-grid energy is estimated to be ten 
times higher than North American grid costs and the subsidized consumer rates 
estimated at three times more than rates paid by on-grid consumers. Muir (Natural 
Resources Canada 2011, p. 11) estimates approximately 75% of Canada’s northern 
fuel consumption is imported refined hydrocarbons. Between 2001 and 2012, the 
National Research Council of Canada reports that the wholesale price of diesel fuel 
increased by 132%.

The most significant feature of Canada’s northern and remote environment 
energy status is the conclusion made by the off-grid working group of the Renewable 
and Electrical Energy Division, Energy Policy Sector, Natural Resources Canada 
(2011, p. 38) which stated “…little has been done to integrate local resources into 
the energy mix of these communities.” Also of significance are the barriers that have 
been identified as preventing a more sustainable energy mix. Specifically, the Clean 
Tech Community Gateway (CTCG) report identified four primary barriers prevent-
ing remote Aboriginal communities in northern coastal British Columbia (including 
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Haida Gwaii) from benefiting from renewable energy: “limited financial capacity, 
limited ownership, limited human capacity, logistics in remote communities” 
(CTCG 2012, p. 2).

Technology is certainly implicit in any successful sustainable energy transition. 
However, both Canadian and international rural and remote energy research reports 
clearly identify the barriers, and lessons learned are not primarily technical. For 
example, an extensive international report on renewable energy for remote areas and 
islands (IEA-RETD 2012) identifies socioeconomic, institutional, financial, and 
environmental “lessons learned” from case studies in a diversity of locations and 
climatic conditions including island case studies from Canada’s northern coastal 
zone (Ramea Island), Scotland (Isle of Eigg), and Galapagos (Floreana). The find-
ings from these case studies identify risk perception and risk mitigation as critical 
factors in financing energy transition in remote environments. Specifically, risk is 
related to the cost of capital, insofar as a perception of high risk increases the cost 
of capital which in turn affects “the initial affordability, competitiveness, as well as 
the levelized costs of renewable energy” (de Jager and Rathmann 2008 in IEA-
RETD 2012, p. 97). As a result, five types of risk were identified in the case studies 
and are summarized in Table 10.1. In the context of Canada’s remote northern and 
northern coastal zone communities, high upfront costs for renewable energy proj-
ects related to the types of risk in Table 10.1 make it difficult to displace existing 
subsidized diesel systems.

Table 10.1  Types of risk for renewable energy financing in remote environments

Project risk

    ˗ �Remote and fragile environment locations prone to delays related to distance and geographic 
location

    ˗ �Extreme climates and remote locations exposed to seismic events and major seasonal 
weather events resulting in delays or uncertainty of logistics or availability of expertise

Construction risk

    ˗ �Remote areas likely to have higher construction risks due to limited and uncertain 
availability of materials, labor, and transportation resulting in potentially significant cost 
overruns

Revenue risk

    ˗ Price-specific contracts for remote areas more difficult to secure
    ˗ �Counterparties (the utility or business purchasing the power) in remote locations may be too 

small to be creditworthy or able to pay
    ˗ �Weather conditions and other environmental factors may have disproportionate impacts in 

remote areas
Operational risk

    ˗ �Reduced availability of trained on-site expertise and availability of spare parts can affect 
operational reliability and increase downtimes

Political risk

    ˗ �An absence of credible institutions and policy or legal frameworks may increase 
perception of risk

Source: Adapted from IEA-RETD (2012, p. 101)
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Closely associated with the importance of risk perception is the importance of 
social license and community acceptance which is a similar barrier to and critical 
factor in transforming energy mix in remote and fragile environments. This is par-
ticularly relevant in Canada’s northern coastal zone where the population is pre-
dominantly of Aboriginal ancestry. The cultural values, world view, and governance 
in traditional Aboriginal lands are directly related to natural resource use and 
actively practiced in the north in large part because it is so remote from the urban-
ized populations to the south.

As the world’s fifth largest oil and gas producer with the third largest proven oil 
and gas reserves in the world, energy development will continue to drive Canada’s 
economy (Eyford 2013). For example, natural gas provides half of Canada’s resi-
dential heating demand and half of the country’s industrial activities (Canadian 
Energy Petroleum Association in Eyford 2013, p. 13). However, as Canada’s his-
torical natural gas export market to the USA rapidly diminishes, international 
demand for liquefied natural gas (LNG) “is expected to almost double by 2040” 
(Eyford 2013, p. 10). Therefore, if Canada is to build new natural gas export mar-
kets, pipelines and tidewater terminals will be needed primarily in Canada’s north-
ern coastal zone. The potential scale of LNG tidewater development as well as the 
future development of other known oil and gas reserves and mining resources in 
Canada’s “far north” is massive to contemplate. Such development will directly 
affect, if not transform, Canada’s northern marine and terrestrial environments as 
well as the current and future populations of the Aboriginal peoples living there.

�Situational Energy Demand

Canada’s remote northern coastal zone region is potentially one of the most rapidly 
changing environments on the planet in large part due to environmental stressors 
from changing climatic conditions. These changes are likely to drive up the cost and 
increase the uncertainty of hydrocarbon-dependent energy. In addition, other infra-
structure needs including water, wastewater, and transportation are also likely to 
become more uncertain and expensive with changing environmental conditions. For 
example, the international Arctic Council’s (2013) interim report on “Arctic 
Resilience” has identified extensive and expensive damage to infrastructure in both 
Alaska and Russia from climate change and mitigation measures. Specifically, the 
Arctic Council projects extra costs for infrastructure replacement due to climate 
change to 2030 as 30% for water and sewage, 25% for roads, 23% for airport run-
ways, 8% for harbors, and 13% others (Arctic Council’s 2013, p. 82).

Global socioeconomic demand for resources is also a major factor affecting the 
future of Canada’s northern and remote communities. Specifically, Hausner et al. 
(2011) suggest increased world demand, together with favorable environmental 
conditions, and decreased production in other parts of the world (for geopolitical or 
other reasons) are sufficient to drive up oil prices to the point where the exploitation 
of Arctic resources on a large scale may be possible for the first time. If this were to 
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occur, growth and development pressures would not only affect existing northern 
communities but would drive the construction of new towns and large worker 
“camps” similar to those currently operating in Alberta’s oil sands. These new set-
tlement patterns and their related infrastructure needs would be necessary to service 
the construction and operation phases of offshore drilling, tidewater ports, pipe-
lines, and transportation infrastructure. All of this development would create new 
and increasing demands for a sustainable energy mix capable of supporting both 
remote domestic and industrial energy needs on a massive geographic scale.

Canada’s northern coastal zone communities experience extremely cold seasonal 
temperatures and very few daylight hours. This translates into higher energy con-
sumption during the winter months and a higher cost of living. The scale of geo-
graphic distance and connectivity factors and the current dependency on external 
fuel delivery by truck, air, or boat result in high costs for northern Canadians. 
Extremely cold seasonal temperatures and extreme weather conditions can also 
present challenging conditions for the performance and maintenance of renewable 
energy technologies such as wind turbines and solar panels.

This stands in stark contrast to the situation in Canada’s provinces to the south. 
For example, the province of Ontario represents almost 40% of Canada’s total popu-
lation and contains much of the country’s historical industrial heartland and its elec-
tricity demand. In 2010, the world’s largest solar photovoltaic (PV) facility was 
operating in the City of Sarnia in Southern Ontario. In 2009 (Solar Energy 2014), 
Ontario adopted a provincial Green Energy Act (Ontario 2009) and a feed-in tariff 
(FIT) system for electricity rates from solar and wind sources. The intent of an FIT 
arrangement is to set a fixed price for energy from renewable sources and ensure the 
price paid to renewable electricity developers is not subject to market fluctuations.

However, recent legal challenges have arisen in Ontario specific to wind energy 
development. The provincial government is experiencing opposition from residents 
and dealing with lawsuits related to concerns about wind turbine development 
effects on human health and safety and wildlife. For example, in the case of Hanna 
v Ontario, people living in proximity to a proposed wind farm challenged whether 
the 550 meter setback distance from a residence was adequate to protect human 
health (ONSC 609 2011). Similarly, in 2014, an Ontario regulatory decision was 
challenged in court due to concerns about the impact of a wind project on 
“Blanding’s turtle” (Emydoidea blandingii), a species found in the proposed project 
area and listed as threatened and protected under Ontario’s Endangered Species Act 
(Ontario 2007).

Other Canadian provinces are also involved in renewable energy development. 
Canada’s third largest province is British Columbia (BC) which is located on the 
west coast and has 13.7% of Canada’s population. Similar to Ontario, BC has also 
taken policy and legislative initiatives to promote increased renewable energy devel-
opment. In 2010, the BC provincial government adopted its provincial Clean Energy 
Act (BC Clean Energy Act) with provision for an accompanying FIT program. BC’s 
legislation created a framework to establish renewable energy technologies as a 
basis for the province’s energy future. Specifically, BC’s two primary provincial 
energy policy goals are to establish a minimum of 93% of electricity from clean or 
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renewable sources and to foster the development of innovative technologies to 
reduce provincial greenhouse gas emissions through renewable resource use. To this 
end, between 2008 and 2012, BC’s Innovative Clean Energy (ICE) Fund has pro-
vided $75 million to 62 renewable energy projects to support “pre-commercial” 
energy technology development and deployment of new commercial technologies 
in solar, wind, geothermal, tidal, and bioenergy not currently in use (Government of 
Canada 2014). However, similar political directives, policy tools, and framework 
legislation have not been initiated by Canada’s federal and territorial governments 
for northern remote communities.

�Renewable Energy Sources

Canada’s abundant hydroelectric energy resources account for the majority of elec-
tricity generation in Canada from sources in the provinces of Quebec, British 
Columbia, Manitoba, Newfoundland and Labrador, and Yukon Territory (National 
Energy Board 2013). In 2012, 62% percent of Canada’s national electricity genera-
tion capacity was from renewables (National Energy Board 2013). Between 2008 
and 2012, non-hydro renewables (wind, solar, and biomass) were the fastest-
growing generating sources in Canada with an annual growth rate of 16% (National 
Energy Board 2013, p. 67). In “Canada’s Energy Future 2013: Energy Supply and 
Demand Projections to 2035,” the National Energy Board forecasts additional wind 
development will make the most significant contribution to non-hydro renewable 
electricity growth from 2013 to 2035 (National Energy Board 2013).

The potential for tidal energy development has been tested at the Fundy Ocean 
Research Center for Energy (FORCE) in the province of Nova Scotia since 2006. 
The Bay of Fundy is part of Nova Scotia, an island province on Canada’s east or 
Atlantic Ocean coast. The Bay of Fundy has the highest tides in the world, and an 
estimated 100 billion tonnes of water moves in and out of the bay during every 12-h. 
tidal period. Despite complex seabed conditions, FORCE has been testing subsea 
turbines since 2009 with the goal of developing the world’s largest in-stream tidal 
power infrastructure (Marine Renewables Canada 2013).

Fossil fuels (oil, gas, and coal) are the dominant electricity generation sources in 
Canada’s two western prairie provinces of Alberta and Saskatchewan. Currently, 
coal and natural gas account for more than 80% of electricity generation in the prov-
ince of Alberta. However, renewable energy sources are beginning to be recognized 
as having an increasing role to play. For example, a review of Alberta’s electricity 
generation sources as of November 2013 shows the following renewable source 
contributions: hydroelectricity 6.4%, wind 7.9%, and biomass 3%. Currently in 
Alberta, 29 out of a total of 72 planned electricity-generating projects represent 
renewable energy sources (3000 MW). This initial phase of a transition in energy 
mix has primarily been a low-carbon response to climate change. Specifically, the 
province of Alberta adopted the “Climate Change Emissions Act” in 2003 with the 
accompanying creation of carbon dioxide emissions limits using a “Specified 
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Emitters Regulation” mechanism to enforce financial penalties on industrial CO2 
emitters including oil and coal companies.

Canada’s energy sources have developed over the past 150 years to support its 
distinct historical patterns of population and agricultural and industrial activity in 
response to significantly different regional conditions. The challenge of Canada’s 
“far north” and its northern coastal zone has yet to become the focus for Canada’s 
national resource development interests and population growth. However, the grow-
ing provincial interest, investment, and expertise in renewable energy generation 
and energy mix transition in southern Canada are creating a large-scale body of 
knowledge and experience that can be adapted to northern regions.

�Factors Affecting Energy Mix Planning and Implementation

Energy forecasting by Canada’s federal energy regulator, the National Energy Board 
(NEB), indicates a significant reduction in coal-generated electricity production 
between 2013 and 2035 and a significant commensurate increase in generation from 
natural gas and wind. The experience and expertise gained by both public and pri-
vate sector actors in provincial renewable energy development represent a major 
opportunity for the knowledge and technology transfer process that will be neces-
sary for large-scale northern energy transition. However, the nature of the organiza-
tional, policy, and institutional framework within which future northern energy 
planning, management, and development might occur and who might be involved 
needs to be considered. To date, Canada’s federal approach to energy policy has 
been based on three principles (Natural Resources Canada 2014):

•	 Competitive markets are assumed to be the most efficient mechanism for regulat-
ing supply, demand, and exports and meeting national energy needs.

•	 Provincial jurisdiction is essential and provincial governments are responsible 
for managing most of the country’s energy resources.

•	 Federal intervention through regulations/standards and economic incentives/dis-
incentives will only be used as necessary to ensure that specific public health, 
safety, and environment objectives are achieved.

Key to understanding energy management planning and regulation in Canada is 
the powers and roles of the provinces and the federal government as defined in the 
Constitution Act (1867, 1982). In the case of energy, both levels of government are 
responsible to plan for and regulate energy development. Section 92A of the 
Constitution Act, 1982, confers on each provincial government the exclusive author-
ity to make laws in relation to the “development, conservation and management of 
non-renewable natural resources and forestry resources in the province … and … 
[the] development, conservation and management of sites and facilities in the prov-
ince for the generation and production of electrical energy” (Benidickson 2013, 
p. 38). The courts have also recognized provincial legislative authority to regulate 
most of the energy development in provinces based on their ownership of oil, natural 
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gas, coal, other minerals, and other natural resources such as water and forests on 
provincial lands as provided under the constitution (Constitution Act 1867, Section 
109). In southern Canada, most of the land base is under provincial jurisdiction, and 
most of the land use planning for energy development and regulation of energy 
projects is undertaken by and is the responsibility of provincial governments. 
However, the federal government has the power to plan for and regulate energy 
development on federal land which includes the territories in northern Canada that 
have not attained provincial status. In addition to the territories, the federal govern-
ment regulates energy development on other federal lands within provincial bound-
aries such as national parks, military bases, and Indian reserve lands.

The federal government is responsible for Canada’s offshore and coastal inter-
ests along Canada’s continental shelf. The federal government is also responsible 
for protection of Canada’s water and fishery resources (including seacoast and 
inland fisheries), navigation and shipping, trade and commerce, and the implemen-
tation of treaties between Canada and other countries. Environment and Climate 
Change Canada is the federal department responsible for (1) coordinating federal 
policies to preserve and enhance Canada’s environment, (2) conserving national 
natural resources including water, and (3) regulating GHG emissions (Environment 
Canada 2012). A second federal department, Natural Resources Canada (NRC), is 
similarly responsible for taking the lead on the development and implementation of 
federal energy policies as they relate to natural resource development.

The federal government transferred control of public lands, resources, and water 
to the territorial government of the Northwest Territories via the Northwest 
Territories Devolution Agreement and Devolution Act (2014). Under this Agreement, 
oil and gas rights are deemed as “onshore” and therefore can be administered by the 
territorial government. However, administration of oil and gas rights in Nunavut and 
the Arctic Offshore remains under federal government authority.

The primary federal legislation related to the planning and approval of new 
energy projects under federal jurisdiction is the Canadian Environmental Assessment 
Act (CEAA) which came into force July 6, 2012, and replaced the previous 1992 
CEAA legislation. The revised 2012 legislation was a response to the federal gov-
ernment’s concerns about delays in the approval of major energy infrastructure proj-
ects. As a result, the previous federal practice of broad public consultation was 
replaced with consultation limited to project proponents and industry associations 
and consistent with the objectives of the federal government’s Jobs, Growth, and 
Long-term Prosperity Act (Government of Canada 2012b).

•	 To promote investment in the energy sectors by increasing efficiency in the fed-
eral EA process

•	 To promote increased cooperation and coordinated EAs between the federal and 
provincial governments

•	 To ensure EAs are completed in a timely manner

Under the revised CEAA 2012 (Section 19), the factors which will be considered 
in an EA process applicable to major energy projects include the following:
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•	 Purpose of the proposed energy project;
•	 Environmental effects (including malfunctions and accidents scenarios) and 

their significance;
•	 Public comments;
•	 Mitigation measures
•	 Requirements for the follow-up program;
•	 Alternative means of carrying out the energy project; and
•	 Results of relevant studies and any other relevant matters.

The revised CEAA 2012 includes provision for the jurisdictional relationship 
between federal and provincial governments. Under Section 32, a provincial EA 
process may be substituted for a federal EA at the discretion of the federal Minister 
of Environment in order to avoid two EAs. Public participation has been retained, 
and Section 24 states the government authority responsible must ensure the public 
has an opportunity to participate in the EA process.

However, the revisions embodied in CEAA 2012 restrict the “environmental 
effects” to be considered and limit the number of projects subject to an EA. As a 
result, there will be fewer EAs with a narrower scope, shorter timelines for deci-
sions, fewer federal agencies and departments involved, more discretion in the 
decision-making process, a smaller number of persons given “interested party” sta-
tus, and increased federal willingness to substitute provincial EAs than was previ-
ously the case. The extent to which the federal focus on increasing the speed and 
efficiency of the EA process will undermine the strategic planning value of federal 
EAs in mitigating environmental, social, and cultural impacts remains to be seen.

The constitutional division of jurisdictional authority between the federal gov-
ernment and the provinces has engendered legal interpretations and political debates 
that have in many ways defined Canada’s history. This political history is not just 
about who has authority – it has also been about the question of who benefits and 
who pays. Technically, the federal government has constitutional jurisdiction for 
energy development in Canada’s northern territories and coastal zone. But two 
provinces also have lands in the northern coastal zone (BC and Newfoundland and 
Labrador), and federal-provincial arrangements will be required to address many of 
the logistical and economic aspects of northern energy development. But the ques-
tion of who benefits and who pays will continue to drive much of the discussion. 
The possible answers become more complex when other significant actors in north-
ern energy development are considered: specifically, billion dollar energy corpora-
tions and Aboriginal peoples.

Between 2003 and 2012, 25 public oil and gas firms operating in Canada achieved 
the billion dollar annual revenue status, and 22 are based in the province of Alberta 
(Centre for Digital Entrepreneurship and Economic Performance 2014). The long-
term strategic influence of companies in this revenue bracket and the economic and 
political leverage that such companies are capable of exerting internationally as 
well as on the federal government and the provinces makes them critical to future 
northern energy development.
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Aboriginal peoples (defined as First Nations, Metis, and Inuit) also have rights 
protected in Canada’s constitution. Historical treaties made with the British Crown 
cover large areas of land within Canada’s provinces and territories. Aboriginal 
people and lands fall under federal jurisdiction and a variety of federal legislation 
including the Indian Act 1876 and 1951 and more recently, legislation finalizing 
self-government and comprehensive land claim settlements such as the 1984 Cree-
Naskapi (of Quebec) Act, the 1993 Nunavut Land Claims Agreement, and the 
Nisga’a Final Agreement Act in 2000. The federal government has a legal duty to 
consult with and accommodate Aboriginal stakeholders around any activities affect-
ing their interests. This duty to consult requirement has been contentious in specific 
situations and has the potential to significantly delay federal government energy, 
mining, forestry, and transportation project approvals. This issue has recently been 
played out in Northern British Columbia on Canada’s west coast related to LNG 
tidewater port development proposals. Similarly, a proposed Mackenzie Gas Project 
in Canada’s Northwest Territories would develop an estimated 55 trillion cubic feet 
of natural gas reserves in the Mackenzie Delta and Beaufort Sea and involve aborig-
inal interests (Taylor et al. 2010). The legal status of Aboriginal rights was tested 
before the Canadian Supreme Court in Tsilhqot’in Nation vs British Columbia 
(2014), and the result affirmed an underlying Aboriginal interest in traditional lands 
and the Crown’s duty to consult.

The status and social and economic condition of Aboriginal peoples in Canada 
have seen some degree of controversy for most of the country’s 150-year history. 
The Aboriginal Economic Benchmarking Report (National Aboriginal Economic 
Development Board 2012) identified that there is a significant difference in high 
school completion rates between Aboriginal (56%) and non-Aboriginal Canadians 
(77%). The Aboriginal high school completion rate drops even further (40%) for 
those living on Federal Indian reserves. This difference is especially problematic 
given the established link between education level and employment success. For 
example, an analysis of workforce opportunities in the clean energy sector in British 
Columbia (Globe Advisors 2012, p. 56) found inflated educational requirements for 
jobs, and a lack of educational upgrading and technical training opportunities in 
remote areas was a major barrier to energy transition. Similarly, Eco-Canada’s 2010 
report “Profile of Canadian Environmental Employment” found 39% of profession-
als in clean energy-related employment required at least a bachelor’s degree level of 
education.

This link between education level and employment puts northern energy devel-
opment at risk of reinforcing a long-standing historical grievance that “Aboriginal 
Canadians have not benefited from natural resource development in their traditional 
territories to the same degree as non-Aboriginal Canadians” (Eyford 2013, p. 22). 
However, energy development also presents an opportunity to create wealth and 
significantly improve educational success and quality of life for the young and 
growing Aboriginal demographic in the northern coastal zone, but only if they are 
able to participate in a significant and culturally appropriate way.
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�Sustainable Energy Mix Driving Forces

Four key issues/driving forces are already at work and will play a primary role in 
determining the future of Canada’s “far north” coastal zone:

•	 The geopolitics of energy and mining market demand and pricing;
•	 Rapidly changing climatic conditions affecting artic sea ice and seasonal terres-

trial temperatures “north of 60”;
•	 The predominance of First Nations, Metis, and Inuit populations and territories 

in Canada’s north and northern coastal zone;
•	 Access to financing for new and large-scale energy and transportation 

infrastructure.

In addition to these larger forces, remote community energy transition away 
from diesel dependency needs to be supported by a critical subset of more immedi-
ate and local needs that are not unique to cold climates but have been found to apply 
to energy transitions in a variety of remote community and island locations (Niezl 
2010):

•	 Access to broadband
•	 Access to technical expertise, education upgrading, and employment training
•	 Cost of hydrocarbon-based fuel and electricity
•	 Community support
•	 Access to appropriate technology
•	 Committed local and external financial resources

The World Energy Council (2012, p. 3) defines “energy sustainability” as con-
sisting of three core dimensions – “energy security, social equity, and environmental 
impact mitigation” which are dependent upon “… complex interwoven links 
between public and private actors, governments and regulators, economic and social 
factors, national resources, environmental concerns and individual behaviours” 
(The World Energy Council 2012, p.  3). In the daily life of Canada’s northern 
coastal communities, community and family social organization, individual and 
collective life ways, and sociocultural meaning and experiences are all tied to living 
and surviving collectively in a remote and fragile environment under extreme cli-
matic conditions. Both Aboriginal and non-Aboriginal populations in remote north-
ern communities understand the value and scale of the potential energy and mining 
developments coming their way (Eyford 2013). However, they also understand that 
their future and their children’s future will depend on achieving long-term energy 
sustainability. For people in Canada’s northern coastal zone, there are no trade-offs 
between energy security, social equity, and environmental impact mitigation.

The term “chilly climate” which literally describes Canada’s Arctic territories 
also seems to describe the historical federal government policy environment for 
renewable energy development in northern communities. For example, the off-grid 
working group of the Renewable and Electrical Energy Division, Energy Policy 
Sector, Natural Resources Canada (2011, p. 38) concluded “…little has been done 
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to integrate local resources into the energy mix of these communities.” Similarly, a 
business case analysis for renewable energy in four remote northern communities 
clearly identified the primary barriers to renewable energy and energy sustainability 
as “limited financial capacity, limited ownership, limited human capacity, logistics 
in remote communities” (CTCG 2012, p. 2). Previous federal governments have 
stated clear preferences for devolving power to the northern territorial governments 
and relying on competitive markets to take care of energy needs. However, there 
still is a critical jurisdictional and political role for the federal government to play in 
fostering collaborative governance and developing renewable energy transition 
strategies and a sustainable energy mix in Canada’s north.

�Lessons Learned, Information Gaps, and Priorities for Action

A number of lessons about renewable energy and energy mix can be learned from a 
variety of international experiences in remote and fragile environmental contexts. A 
review of this literature identifies some common factors emerging from a variety of 
different circumstances. These findings clearly identify the importance of both com-
munity and national government roles. Specifically, community involvement strate-
gies engaging local stakeholders in all project phases from planning to operation 
and maintenance can maximize local benefits including the development of local 
expertise, employment creation, and local business development.

Successful projects have involved supportive institutional relationships between 
remote area governments and national governments related to “… utility structure 
and regulation, electricity market structure and conditions” (IEA-RETD 2012, 
p. 91). In addition, community projects have been successful when national govern-
ments have:

•	 Adapted policies or created policies specific to renewable energy development in 
remote areas;

•	 Enabled new institutional and regulatory frameworks;
•	 Created alternative and location-specific tariff structures (such as FIT);
•	 Enabled location-specific integrated utility systems for hybrid power systems.

The United Nations Framework Convention on Climate Change’s affiliated 2004 
International Conference on Renewable Energy Policy Conference in Bonn, 
Germany (Canadian Renewable Energy Alliance 2006), identified one major lesson 
learned as the importance of integrating renewable and nonrenewable energy sector 
policies with specific targets, strategies, timelines, and implementation plans for 
energy mix end users. A second lesson identified was the importance of increasing 
and building public awareness, knowledge, and support for the transition to renew-
able energy (Canadian Renewable Energy Alliance 2006). The importance of revis-
ing local building codes to accelerate the use of renewable technologies and the 
importance of licensing and siting in enabling renewable energy deployment were 
also identified as international lessons learned.
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The results of a comparative study on rural and remote electrification policies 
in emerging economies (OECDS/IEA 2010, p. 99) identified a number of “pre-
conditions” for successful renewable energy deployment in rural and remote 
environments:

•	 Good data gathering and community planning to understand spatial distribution 
of energy requirements and uses to identify energy targets for selecting suitable 
technologies;

•	 Sustained support from government and long-term funding commitments. 
Independent and dedicated institutional and management structures;

•	 Secure market infrastructure to attract private investment;
•	 Community involvement throughout the decision-making process.

The significance of “community involvement” relates to including local knowl-
edge related to energy consumption patterns and local conditions affecting technol-
ogy transfer. It also includes the advantage community members have in 
understanding community protocols and social relationships. Community members 
are more likely to respond to and work with other respected community members, 
extended family, and intergenerational connections than they are to outside experts. 
Community engagement is key to whether or not “social license” exists. Finally, a 
key lesson learned is the importance of risk and risk perception in financing renew-
able projects remote and fragile environments.

Perhaps the most important information gaps affecting energy mix potential in 
remote and fragile environments are specific knowledge about Canada’s 292 remote 
northern communities. Renewable energy projects have proven to be most effective 
when customized to fit local community energy use characteristics and siting situa-
tions. However, very little specific information currently exists, and this information 
is needed to select the appropriate type of technology that best fits community cir-
cumstances. A second significant information gap is the strategic and operational 
implications of northern climate and environmental change. As discussed earlier, 
seasonal temperature variability, extreme weather events, seasonal changes in sea 
ice, and terrestrial permafrost conditions all have the potential to affect renewable 
energy technologies and related community and regional infrastructure. How these 
changes will manifest and where these changes are most likely to occur and at what 
scale in the future is not well understood.

In an area as vast as the Canadian northern coastal zone, scale is a primary con-
sideration given the distances involved. Given this large geographic area, the best 
approach to achieving energy sustainability may or may not be by developing 
renewable projects one community at a time. Specifically, at the scale of the area 
involved, there may be other regional or subregional options to “scale up” infra-
structure or create scale-free networks to connect more than one community or con-
nect industrial and community energy needs. The possible strengths, weaknesses, 
opportunities, and threats (SWOT) of scale needs to be much better understood in 
energy planning and development. Strategies selected to address the scale in energy 
planning will have a direct effect on infrastructure costs and timelines.

The potential for future oil and gas development in Canada’s northern coastal 
zone and northern territories brings with it the potential to create renewable energy 
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opportunities. For example, “Between 2000 and 2010, U.S. based O & G companies 
invested roughly $9 Billion in renewables (wind, solar, biofuels) – roughly 20% of 
the total U.S. renewable investment of $47 Billion over the same period” (T2 and 
Associates 2011 in Switzer et al. 2013, p. 1). More information is required to better 
understand the potential drivers for engaging the oil and gas companies with inter-
ests in the northern coastal zone to play an active role in northern energy transition 
and energy mix. Renewables are moving into industrial applications such as solar 
power for desalination and in the mining industry where operations are often energy 
intensive and in remote locations. The potential for linking domestic and industrial 
energy mix may have advantages at specific scales and in specific locations.

In addition to the information gaps identified above, there are also institutional 
gaps which affect renewable energy development. A SWOT analysis of Canadian 
energy and climate policies by Fertel et  al. identified an absence of a consistent 
federal strategy, a lack of coordination between energy and climate policy, and a 
lack of a national renewable energy strategy as current institutional gaps and con-
cluded “There is no coordinated national energy strategy beyond reliance on market 
forces…” (Fertel et al. 2013, p. 1148).

The dominance of diesel-fueled electricity (86%) in remote northern communi-
ties makes establishing the business case potential of specific renewable technolo-
gies for displacing diesel and other forms of hydrocarbon-based electricity a priority 
for action. Demonstration research in four Canadian remote communities suggests 
a business case can be made based on different renewable sources (CTCG 2012). A 
second priority for action is to identify the remote communities or areas of interest 
for renewable projects and begin doing the preliminary data collection, consulta-
tion, and feasibility studies necessary to underpin future project development. The 
types of studies and information necessary to proceed with project development can 
take several months if not years and can delay project construction if not started 
well in advance of timelines for project construction and operation. A third priority 
for action is to initiate community-based training and educational upgrading to 
maximize employment opportunities in renewable energy project construction, 
operation, and maintenance. Lead time is necessary to ensure that once a system is 
installed, the human resources are in place to ensure its performance.

Given the impact of risk perception on financing, the fourth priority for action is 
to better understand this problem and work with investors and other stakeholders to 
identify possible financial tools and other risk management mechanisms to facilitate 
remote renewable energy project financing.

�Conclusion

A number of enabling factors are necessary to ensure renewable energy projects are 
successful. While choice of an appropriate technology is certainly one of them, it is 
not the only one. Technology is a necessary but not sufficient consideration for 
achieving a sustainable energy mix in remote and fragile environments.
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Canada’s northern remote communities need and will increasingly need access 
to a wide range of engineering and technical expertise in order to achieve energy 
sustainability. Indeed, if the predictions of the “Renewables 2013 Global Status 
Report” (REN21 2013) are any indication, the demand for technical expertise is 
going to grow significantly. For example, the renewable energy contribution to 
global energy is generally estimated to be in the 15–20% range. However, the 
2013 Global Status Report predicts (based on actual 2011 GW capacity data) that 
renewables will be making a far different contribution to global energy (REN21 
2013, p. 20):

•	 Wind power capacity increasing between 4-fold and 12-fold [4-fold or 12-fold 
means 4 times more or 12 times more];

•	 Solar PV [photovoltaic] between 7-fold and 25-fold;
•	 CSP between 20-fold and 350-fold [Concentrating Solar Power plants use 

mirrors to focus sunlight into a light beam used to heat fluid to drive a steam 
turbine to produce energy];

•	 Bio-power between 3-fold and 5-fold;
•	 Geothermal between 4-fold and 15-fold; and;
•	 Hydro between 30% and 80%.

Clearly, achieving such transformational numbers will require significant tech-
nological expertise and innovation. But, it also will require innovation and expertise 
in financing, markets, institutional frameworks, regulatory regimes, planning, man-
agement, public education, and a number of other specialized bodies of knowledge 
and skill sets.

The Canadian context as presented here does not focus on wind-fuel cell capac-
ity or hydrogen electrolyzer performance as the critical factors affecting the renew-
able energy future of remote northern coastal zone communities – although this 
level of technical detail is certainly important in a specific project context. 
Sustainable energy mix as presented here as an integrative process that operation-
ally integrates renewable energy technologies within scale-specific social, eco-
nomic, and biogeoclimatic contexts. This contextual and integrated approach to 
energy mix design is important because the definition of energy sustainability is 
context dependent.

International cooperation can also make an important contribution to achieving 
sustainable energy mix and energy sustainability. It is critical to share knowledge 
and experience from a variety of perspectives and experiences about what works 
and what does not. It is also important to identify international research priorities 
and problem-solving opportunities, including joint venture demonstration projects 
to  understand the interdisciplinary, cross-cultural, environmental, and technical 
challenges involved in a variety of circumstances. Understanding how to design, 
plan, and manage for a sustainable energy mix is critical to the future of Canada’s 
northern coastal zone. But, it is also critical to the future of the world’s remote and 
fragile environments.
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Chapter 11
Sustainable Energy Mix in Fragile 
Environments: A Transdisciplinary 
Framework for Action

Mary-Ellen Tyler and Irene M. Herremans

�Introduction

The concept of “energy mix” is a function of context, scale, and energy source avail-
ability. To date, renewable energy sources (such as wind, solar, micro hydro, and 
biofuels) have been viewed as technical solutions primarily for local and regional 
needs although renewable energy production has the potential to be expanded at 
much larger scales and in much larger markets. Regardless of the type of energy 
source, there are always a variety of contextual, temporal, scale, social, cultural, 
economic, environmental, and technological factors affecting source selection, pro-
duction, distribution, and use and price. A long-term sustainable approach to design-
ing energy mix in fragile environments needs to consider the strategic and contextual 
factors affecting energy source choices, limitations, and opportunities. Therefore, 
understanding energy mix alternatives in the context of dynamic interactions among 
social, economic, and environmental systems is key to implementing sustainable 
energy mixes in fragile environments. A transdisciplinary approach involves inte-
grating knowledge from multiple disciplines and the creation of new knowledge 
through social learning and partnerships among researchers, professionals in gov-
ernment and private sector, community leaders, and local residents.
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�Energy Mix as a Wicked Problem

Ultimately, energy and energy mix choices involve decision-making informed by 
available knowledge and guiding values (Balint et al. 2011). The extent of available 
knowledge and agreement on guiding values is highly variable depending upon con-
text. This contextual variability results in what Balint et al. (2011) have referred to 
as a decision-making continuum ranging from structured to poorly structured and 
unstructured problems. The degree of available empirical knowledge and shared 
values is usually highest in well-structured problem situations and minimal to 
absent at the other end of the continuum. The significance of this continuum in both 
public and private sector decision-making is that there is increasing uncertainty 
between actions and outcomes in unstructured situations relative to highly struc-
tured. Specifically, energy mix may appear to be a well-structured problem. But, in 
practice, it is often characterized by little to no agreement about guiding values, 
limited empirical knowledge or uncertain science, and no clear relationship between 
alternative actions and outcomes. As such, energy mix is a “wicked problem,” and 
wicked problems are characteristic of complex systems behavior characterized by 
surprise, uncertainty, and change over time (Rittel and Webber 1973). Social eco-
logical systems are complex systems. Energy mix is frequently viewed as strictly a 
function of technology and basic economic principles, insofar as the goal is a cost-
effective mix of available energy technologies needed to meet demand. However, it 
is much more complicated than this even at a small scale. Therefore, recognizing 
energy mix as a wicked problem can assist in identifying important context vari-
ables and interrelationships across a range of scales.

�Avoiding the “Logic of Failure”

The inherent uncertainty of policy and management decision-making inherent in com-
plexity is further compounded by a phenomenon documented by Dorner (1996) and 
referred to as “the logic of failure.” This phrase refers to well-intended rational plan-
ning and decision-making processes by qualified experts that resulted in counterintui-
tive and unanticipated outcomes that actually made the original problem worse. Using 
a number of case studies, Dorner (1996) attributes the unanticipated results to inade-
quacies in understanding the complexity of the systems involved. As a result, Dorner 
(1996, p. 199) recommends “systemic thinking” to frame goals, decisions, and actions 
in a dynamic systems context to better understand the critical interrelationships 
involved. In order to better deal with system complexity, Dorner (1996, p. 79) identi-
fies three types of knowledge requirements: “We need to know on what other variables 
the goal variables that we want to influence depend. …;” “We need to know how the 
individual components of a system fit into a hierarchy of broad and narrow concepts. 
…;” and “We need to know the component parts into which the elements of a system 
can be broken and the larger complexes in which those elements are embedded.”
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As with wicked problems, it is uncertainty and “surprise” that contribute to the “logic 
of failure.” Experienced decision-makers and experts working from knowledge gained 
from certainty in well-structured situations are too often ill prepared to deal with unstruc-
tured situations lacking empirical knowledge and with great uncertainty about relation-
ships between actions and outcomes. To address the problem of energy mix in fragile 
environments, it is important to frame energy mix as involving complex systems behav-
ior and not assume there is a high degree of certainty between action and outcome.

�Fragile Environments as Social Ecological Systems

Fragile environments are of interest primarily because of their geographic locations. 
Limited accessibility has enabled biologically and geologically significant features 
and indigenous or historically unique sociocultural populations to persist. Such ven-
ues often become desirable for tourism or resource extraction activities but lack the 
technological infrastructure and financial resources found in more developed and 
urbanized contexts. Generally, fragile environments occur in more rural and remote 
locations including islands, mountainous areas, and extreme climatic conditions 
such as deserts, rainforests, and frozen tundra. In some instances, they are large 
protected areas such as national parks, nature reserves, and World Heritage sites. 
Regardless of the specifics, every fragile environment exists in a larger context. It is 
within this larger biogeoclimatic and geopolitical context that driving forces and 
variables including technology, transportation, economic value, legal, and institu-
tional frameworks impinge on energy demand and supply.

�Energy Mix as a Sustainable Development Strategy

One of the primary challenges to energy mix in fragile environments is human popu-
lation growth and related development activities which are accompanied by increas-
ing energy demands. Increasing population and development pressures associated 
with resource extraction and ecotourism puts pressure on existing social and eco-
logical systems to provide more food, water, and energy. While a steady-state econ-
omy may be appropriate for some developed economies, many developing economies 
have yet to reach a stage where they can concentrate more on developing quality of 
life. The social and environmental costs of growth in some cases can make growth 
unsustainable, although this has seldom stopped growth or changed political deci-
sions. Energy mix can be an important part of a sustainable development strategy but 
is seldom considered.

Rural and remote locations generally have relatively small populations, limited 
technical capacity, and limited access to financial capital. As such, remote location, 
limited access, and limited capital, have historically mitigated against the develop-
ment of conventional energy supply and infrastructure, which in turn has constrained 
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development potential. In order to take advantage of social and economic develop-
ment opportunities, it is necessary to consider linking existing social, economic, 
technical, and ecological resources to function as an interdependent and mutually 
reinforcing social ecological system. There is no room for trade-offs between social, 
economic, and ecological resources in fragile environments when resources are lim-
ited. Rather, the “art” of energy mix design involves recognizing and understanding 
the key social ecological system linkages necessary to ensure sustainable and effec-
tive energy technology transfer.

�Galapagos Energy Mix Themes

Historically, the primary source of energy in the Galapagos has been imported 
petroleum. Despite Ecuadorian government subsidies, petroleum supplies to the 
Galapagos remain relatively expensive. For example in 2013, the subsidized price 
of gasoline was $1.50 (USD) a gallon and diesel-based electricity without subsidy 
more than 40 cents/kwh (Finley 2013). The use of imported petroleum also has 
environmental costs in the form of air quality and risks of marine spills not factored 
into the cost. A transition away from fossil fuels has been underway in the Galapagos 
to address both cost and marine environmental concerns. For example, since 2007, 
renewable energy use on San Cristóbal Island has replaced 30% of petroleum-
generated electricity. This is equivalent to approximately 8.7million liters of diesel 
fuel and 21,000 tons of carbon dioxide emissions, according to project sponsors 
Global Sustainable Electricity Partnership (Vella 2016).

In the context of this transition, five themes affecting energy mix emerged at the 
World Summit on Sustainable Energy in Fragile Environment held in San Cristóbal 
in July 2014:

•	 Need for new institutional frameworks
•	 Fossil fuel subsidy dependency
•	 Importance of social capacity
•	 Potential capacity of renewables
•	 Receptivity to technology transfer

These themes are consistent with the typology of mix factors identified in 
Fig. 11.1 and described in more detail as follows.

	1.	 Need for New Institutional Frameworks
Current regulatory systems in most countries favor fossil fuels, which in turn, create 
entry barriers for other energy options. Subsidies, when implemented responsibly, 
can help shift market receptivity and encourage new energy mix options. However, 
markets need to reflect the true cost of energy, which means eliminating subsidies to 
unsustainable energy sources. Incentives to move toward energy sources and tech-
nologies with less social and environmental costs can help motivate market change. It 
is also important to consider strategies and timelines for changing subsidies to reduce 
financial impacts on specific sectors or income groups. While governments play a 
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major role in providing public policy direction, political stability as policy implemen-
tation problems create obstacles for energy mix solutions (Hoffman et  al. 2008). 
Similarly, energy policy driven by political lobbyists, special interests, or subsidies in 
exchange for votes, can also deter the development of sustainable energy policy.
Breaking down institutional and organizational “silos” is critically important to enable 
greater integration of social, economic, and environmental goals in energy mix plan-
ning. New institutional frameworks are necessary for engaging with complex prob-
lem-solving and for dealing successfully with sustainable energy policy development. 
Similarly, determining an appropriate energy mix involves a cross-sectoral and col-
laborative process. Institutional frameworks necessary to support sustainable energy 
mix development need to include the following components:

•	 Policy connections at multiple levels
•	 Participation and engagement of local governments and communities
•	 National or international availability of resources and expertise not available 

locally
•	 Financial institutions or corporate partners with financial resources
•	 Provision of skilled labor to install, operate, and maintain facilities and related 

infrastructure

Both public and private financial institutions can play important roles in provid-
ing funding and investment innovations to enable businesses to move to commer-
cialization of alternative energy options with some arrangement for shared risk 
taking. Innovations can have difficulty moving from the research and develop-
ment stage to commercialization because of risk. Even if corporations are ready 

Environment Mix Institutional Mix

Human Factors Mix

Technology Mix

Energy Source Mix

Fig. 11.1  Five energy mix typologies

11  Sustainable Energy Mix in Fragile Environments: A Transdisciplinary Framework…



188

to purchase new technologically feasible innovations and banks are ready to fund 
commercially feasible innovations, the challenge for most entrepreneurs is to 
demonstrate both technical and commercial feasibility in order to get needed 
funding. Governments can assist in sharing the risk involved in moving innova-
tions through these critical feasibility phases. Organizations at the community 
level and local governments also need to take responsibility for finding sustain-
able solutions for their own energy needs. Communities need to be encouraged to 
share knowledge, experiences, and ideas as part of a “top-down” and “bottom-up” 
approach to move the energy mix transition toward more sustainable strategies.

	2.	 Importance of Social Capacity
The idea of social capital comes from experience with community development. 
Social capital reflects stable functional and value-based relationships. Households, 
neighborhoods, and communities characterized by trust and cooperation have 
strong social networks based on working together and sharing resources (Nahapiet 
and Ghoshal 1998). Social learning is an important part of social capital and 
involves the sharing of ideas and collaborative learning. Similarly, social capacity 
contributes to solving energy problems at many levels. Partnerships with nonprofit 
organizations, local governments, communities, financial institutions, research 
centers, universities, and private and public sector organizations can increase 
knowledge and support for alternative and sustainable energy choices, as well as 
identify the resources and expertise required for implementation of new projects. 
Social capacity building includes all age groups. Access to new information, educa-
tion, and skills training can create new employment opportunities and an informed 
intergenerational public that is cognizant of energy mix issues and choices.

	3.	 Fossil Fuel Subsidy Dependency
Fossil fuel dependency has resulted in significant institutional regulation. Fossil 
fuels drive the economies of most countries and represent a large percentage of gross 
national product (GNP). As the dominant international energy source, fossil fuels 
are profitable for both the private and public sector. Public sector revenues from fos-
sil fuels subsidize social services and infrastructure and create a higher standard of 
living. The production, transportation, and consumption of fossil fuels and their by-
products employ large numbers of people. Understandably, historical investment in 
and socioeconomic benefits accruing from fossil fuel use creates resistance to 
change. As is the case with many public policy issues, the status quo is often pre-
ferred because it offers certainty. Alternatively, a change in energy sources is a risk 
and perceived as having high transaction costs, uncertain consumer receptivity, and 
uncertain technical and organizational implications (Stern 2006; Wong et al. 2014).
There is no “perfect” energy source free of consequences. Every energy source 
has pros and cons which makes justifying the subsidy status quo of fossil fuels 
easier to maintain. Fossil fuel subsidies create economic advantages for fossil 
fuels that give them a competitive edge that is very hard to overcome. If fossil 
fuel subsidies remain unchanged, then similar subsidies for alternative energy 
sources become necessary in order to create some kind of level playing field. 
Rather than artificially creating preferred energy choices though public subsidy, 
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a sustainable energy mix must reflect the merits of each available energy source 
in its operational context. Economic subsidies can be tools to achieve social and 
ecological benefits, but they also create economic advantages for preferred inter-
ests independent of social and ecological consequences. The politics of energy is 
clearly a reality, but a level policy field that enables energy mix development 
based on operational and contextual merits is critical for fragile environments.

	4.	 Potential Capacity of Renewables
Fossil fuel dependency is in large part due to its operational history in providing 
predictable results across a range of scales, contexts, and uses. Alternative energy 
sources have yet to demonstrate the same operational capacity in many countries. 
The future of renewable energy sources is dependent on their ability to compete 
with fossil fuels so there needs to be certainty about performance efficiencies 
across similar scales and situations. The transition to alternative energy sources and 
changes in energy mix is dependent on successful evidence-based demonstration. 
For example, the Renewables 2016 Global Status Report (REN21 2016, p. 17) 
stated that by 2015 renewable energy sources had become accepted mainstream 
energy sources worldwide. A number of factors accounted for this operational cer-
tainty including “cost-competiveness of renewable technologies, dedicated policy 
initiatives, better access to financing, energy security and environmental concerns 
…” and “new markets for both centralized and distributed renewable energy.”

In the context of the Galapagos, a major renewable transition process has 
been underway since 2007 as part of the Galapagos Islands Zero Fossil Fuel 
Initiative sponsored by Ecuador’s Ministry of Electricity and Renewable Energy 
(Carvajal 2012). As an example of renewable capacity, Seymour Airport on the 
Galapagos Island of Baltra received LEED Gold sustainability certification from 
the US Green Building Council in 2014 (Velasco 2015). The airport handles 
approximately 400,000 people annually using 100% renewable energy generated 
by solar panels and 3 wind turbines.

	5.	 Receptivity to Technology Transfer
In the legal sense, technology transfer means the transfer of hardware and intellec-
tual property between countries and corporations through markets and trade agree-
ments. While access to new energy technology and related intellectual property is 
critical, technology transfer also has important sociocultural dimensions. For 
example, Costanza (2000) has described four visions of the future (“star trek, mad 
max, big government, and ecotopia”) which reflect differences in technology 
dependence as well as social values and behavior. Even the best technology will not 
be successful if not adopted by consumers. In general, consumers want low prices 
and supply security, but they also want ease of use and minimal maintenance. 
Acquiring new skills, knowledge, and confidence in the use of new energy tech-
nologies and sources requires both economic and social incentives. Introducing 
energy education early in public school curriculums can be an important first step. 
Public school curriculum can assist in building an understanding of the basics of 
energy sources, energy use, and the importance of sustainable energy solutions.

Energy studies can also be beneficial in addressing social resistance to change 
and identifying key factors contributing to success or failure. For example, as part 
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of the “e8” San Cristobal wind and solar projects, a long-distance micro-solar 
learning program was developed in collaboration with Solar Quest, an interna-
tional not-for-profit educational organization. Schools had solar installations to 
provide a power source for new computers and internet connections. Students 
learned computer science skills in order to learn about energy efficiency and 
renewable energy technologies with the objective of using these new skills and 
energy in their communities. Specifically, between 2004 and 2006, students at the 
Colegio Tecnico Ignacio Hernandez (CTIH) in San Cristobal have participated in 
the Action, Communications, Technology, and Science Program (ACTS) “… 
each provided 200 hours of community service to monitor and analyze the Island’s 
electric grid in order to research the potential of reducing electricity demand and 
consumer energy costs through energy efficiency” (e8 2008, p. 46). To assist with 
this, “Enel,” an e8 Italian company, processed and analyzed the student’s data to 
verify its accuracy (e8 2008, p. 47).

Ecotourism also offers important educational opportunities for informing 
visitors about the importance of achieving a sustainable energy mix in the 
Galapagos. The economic impact of tourism and the opinions and choices of 
tourists and tourism operators have a significant influence on the transition to a 
sustainable energy mix. Tourism creates part of the increasing energy demand in 
Galapagos. It requires more energy and infrastructure to support increasing 
demand for both land- and water-based activities including cruises, land and air 
transportation, hotels, restaurants, and a large local service sector.

However, while education is important in shaping attitudes and value-based 
choices, the key to technology transfer will be the customizing of technology use 
and access to its operational sociocultural operating environment. The typology 
of mixes illustrated in Fig. 11.1 represents the key factors affecting technology 
transfer potential. Technology transfer is contextual and needs to respond to dif-
ferent target groups and environmental factors including different levels of 
wealth, education, geographic location, belief systems, and worldviews. For 
example, technology transfer capacity in well-educated, wealthy, urban popula-
tions in an industrialized country is significantly different than it is in indigenous 
populations in poor, isolated rural areas. Energy mix design integrates energy 
sources and technologies with the operational capacities available in the social, 
economic, institutional, and ecological environment.

�The Politics of Energy Mix

The overarching context, in which virtually all factors affecting energy mix exist, incor-
porates the geopolitics of energy and politics at the national, regional, and local levels. 
The politics of energy presents a different connotation of “power,” and political power 
often determines who benefits and who pays from energy decision-making. Although 
energy mix is a wicked problem characterized by uncertainty and a lack of empirical 
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knowledge, when political positions are polarized or intractable, energy mix problems 
cannot be solved by more research (Keohane and Victor 2013). Domestic politics gen-
erally dominates energy policy, and a major change in energy policy is unlikely if there 
is no political will behind it. However, energy markets and energy-related environmen-
tal issues have become increasingly transboundary (Keohane and Victor 2013). 
International cooperation is often difficult due to historical conflicts and cultural differ-
ences. As a result, any effective transboundary or international collaboration is usually 
a function of multilateral institutions or issue-specific non-state actors. Where common 
interests align, regions or neighboring countries often cooperate through decentralized 
networks in the interests of mutual gain (Keohane and Victor 2013). In the context of 
the Galapagos, a specific example of this type of international collaboration is the e8 
international energy development partnership renamed the “Global Sustainable 
Electricity Partnership” in 2011 (Global Sustainable Electricity Partnership 2016).

Energy mix choices and the transition to alternative energy sources are as much 
an exercise in the politics of energy as it is a technical exercise. Energy mix is a truly 
interdisciplinary process that integrates science and engineering with social accep-
tance, economics, and politics. As Rutherford and Coutard (2014, p. 1353) state: 
“… energy in a variety of guises is bound up technically, economically and politi-
cally with our societies, communities and livelihoods in very diverse ways.”

�Energy Mix Design in Fragile Environments

Moving to a sustainable energy mix involves more than the installation of wind, 
solar, and other technologies to produce energy. Energy mix options need to func-
tion in specific social ecological operational contexts and need to respond to their 
specific contexts. For example, Doris et al. (2009, p. 122) identified 14 renewable 
energy context factors that can have positive, negative, or neutral influences depend-
ing upon the specific circumstances. These factors include:

•	 “Resource availability
•	 Technology availability
•	 Technology cost
•	 Energy costs
•	 Economic factors
•	 Project financing options
•	 Ownership options
•	 Transmission issues
•	 Environmental considerations
•	 Institutional structures
•	 Land-use issues and constraints
•	 Information dissemination
•	 Social acceptance
•	 Larger policy context”
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Energy mix solutions need to incorporate these key contextual factors and 
address growing energy needs by integrating and strengthening social, ecological, 
and economic system dynamics. However, how this is done, the nature of the opera-
tional and institutional contexts in which the fragile environment of interest exists, 
and the options available are not always obvious. A systematic and interdisciplinary 
framework for energy mix design can help identify what factors and energy sources 
are most important in specific situations. Five different types of “mix” typologies 
that can be used in identifying, customizing, and designing appropriate energy mix 
options are illustrated in Fig. 11.1.

Expertise from many different disciplines and sources is necessary in order to 
evaluate the opportunities and constraints presented by each of these mix types in 
different fragile environment contexts. For example, sustainable energy mix options 
in the Galapagos (illustrated in Fig. 11.2) are likely to be different from the mix 
options for fragile environments found in different biogeoclimatic and geographic 
locations like Northern Canada. But all sustainable energy mix options for fragile 
environments will involve some combination of the five mix types in Fig. 11.1.

Fig. 11.2  Galapagos sustainable energy mix factors
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�Conclusion

Moving to a more sustainable energy mix in fragile environments ultimately must 
address what the World Energy Council (Wyman 2016, p. 6) has referred to as “the 
energy trilemma”:

•	 “Energy security: … effective management of primary energy supply…reliability of 
energy Infrastructure, and ability of energy providers to meet current and future demand”

•	 “Energy equity: Accessibility and affordability of energy supply across the population”
•	 “Environmental sustainability: …achievement of supply and demand-side 

energy efficiencies and development”

There is no single energy mix capable of meeting all the operational needs of all 
fragile environments. Energy mix is subject to human values and worldviews, institu-
tional influences, market forces, geographic location, and affordable technology con-
siderations. Changes in energy mix can have far-reaching social, ecological, and 
economic consequences, so incremental steps are necessary to simulate and demon-
strate operational performance in context and at different scales. Developing a sustain-
able energy mix to meet fragile environment requirements involves partnerships among 
governments and key public and private stakeholders. As Stirling (2014, p. 83) states: 
“Understanding possible ‘sustainable energy’ transformations requires attention to 
many tricky issues in social theory: around agency and structure and the interplay of 
power, contingency and practice. These factors are as much shaping of the knowledges 
and normativities supposedly driving transformation, as they are shaped by them.”

The “art” of designing and developing sustainable energy mixes in fragile envi-
ronments lies in finding an appropriate “mix of mixes” reflecting the specific condi-
tions and operational interrelationships appropriate to specific locational social 
ecological contexts. A transdisciplinary framework for practice has the potential to 
develop a mix of practical strategies necessary to address the need for new institu-
tional frameworks, reduced subsidy dependency, increased social capacity, and 
receptivity to technology transfer in a variety of fragile environment contexts.
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