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Abstract

Increasing energy production through renewable sources is a challenge for islands. This paper investigates the potential of
hydropower as a renewable energy source for islands in the Macaronesia region, which includes the Azores, Madeira,
Canary Islands, and Cape Verde. Ecological transition towards renewable energy sources is crucial for these islands due
to their current dependence on imported fossil fuels and their remoteness. The methodology used in this paper combines a
SWOT analysis with a review of relevant literature. The SWOT analysis evaluates the Strengths, Weaknesses,
Opportunities, and Threats associated with hydropower development on each island. The results show that each island has
unique characteristics that influence its hydropower potential. The Azores has existing mini-hydropower plants and
opportunities for pumped storage systems due to its rainfall and volcanic features. Madeira also utilizes hydropower,
including the world's first underground pumped storage plant (UPHS) in Socorridos. However, limitations exist due to the
mountainous terrain and competition for water resources. The Canary Islands showcase the success story of El Hierro
Island, which significantly increased renewable energy penetration through a wind farm and pumped storage hydropower
system. The topography and lack of rainfall on Cape Verde make the development of hydropower a significant challenge
and, as a result, the focus has shifted to wind power. The study concludes that hydropower can play a significant role in
the ecological transition of these islands. However, careful planning and consideration of environmental factors are
necessary to maximize the benefits and minimize the potential drawbacks. The paper emphasizes the importance of island-
specific assessments and exploring opportunities for pumped storage systems.
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1. Introduction

Island territories face unique challenges in transitioning to ecological sustainability. Their dependence on imported
fossil fuels and remoteness necessitate innovative solutions [1]. Dependence on the outside world and the remoteness
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of the outermost regions further complicate the energy scenario [2]. The European Union, in one of its resolutions, states,
"whereas European islands can contribute to strengthening sustainable development in the Union, given their high
potential for producing energy from renewable sources due to specific exposure to wind streams, ocean swell and
sunlight” [3]. There is awareness of the specificity of the territory and, in turn, the possibilities for a small territory to
implement measures that can be exported to larger areas.

Ecological transition in island territories presents unique challenges and opportunities. Islands, isolated and
characterized by favorable wind and solar conditions, hold immense potential for renewable energy resources (RES)
[4]. Despite being large energy consumers, many small islands lack fossil fuel resources, relying heavily on costly
imports for power generation, which poses challenges for meeting ambitious decarbonization objectives [5, 6]. Reducing
greenhouse gas emissions on the islands, in relation to their energy production, is imperative. A study by loannidis et
al. [7] found that between 2000 and 2015, island energy intensity rose by an average of 23.4%, with a corresponding
increase of 12.4% in emissions intensity. This highlights the urgent need for a shift towards cleaner energy sources. In
addition, this translates into a reduction of their energy dependence on the outside [8]. The islands are territories
vulnerable to any crisis, and gaining independence increases their resilience.

Recognizing this, the European Union acknowledges the potential of islands to strengthen sustainable development
and funds energy-related programs, with European islands as pilot hosts. While small islands may contribute only
modestly to global greenhouse gas reductions [9], they play a crucial role in demonstrating the technical, economic, and
political viability of adopting high proportions of renewable energy systems, which can influence high-polluting
countries [10]. Access to renewable energy is not only an improvement in the energy transition of these islands but also
in greater energy autonomy and the creation of specialized jobs linked to this sector [11]. Therefore, there is growing
interest in projects that facilitate decarbonization of the islands [5]. Little by little, there are renowned achievements,
such as the case of Gorona del Viento on the island of El Hierro (Canary Islands), where a wind-hydro power plant
covers most of the island's energy demand [12].

The energy transition concept involves shifting from conventional fossil fuels to generating electricity, heat, and
mechanical energy through renewable energy sources (RES) [13]. This transition aims to achieve ecological goals such
as carbon neutrality in the energy sector by 2060 and limiting global temperature increase to 1.75°C by 2100, as per the
Paris Agreement [14]. It serves as a crucial strategy to mitigate global warming, a prominent consequence of climate
change (CC), and addresses concerns related to natural resources [15].

The trend towards implementing solar and wind power as alternatives to fossil fuels on islands is encouraging. A
study by Blechinger et al. [10] demonstrated the significant potential of renewables. Their research suggests that islands
could economically install and operate nearly 7.5 GW of solar photovoltaic power and 14 GW of wind power. This shift
could achieve a remarkable reduction in greenhouse gas emissions and fuel consumption, reaching approximately 50%.
Nevertheless, one of the main challenges faced in implementing renewable energy is that, in some cases, pilot projects
have been proposed that have not gained sufficient momentum and have not been replicated. This is due to a lack of
knowledge among stakeholders and the infrastructure of countries, among other aspects [16]. This has made it difficult
for islands to commit to renewable energy, as they have indeed been considered residual energy sources, and the lack
of space also hinders the progress of renewables [17].

In this regard, hydropower is also one option for decarbonizing European archipelagos [18]. In global terms, this
type of energy accounts for 16.6% of the world's total energy production, and, in 2015, it accounted for 70% of all
renewable energy [19]. Countries generating over 90% of their electricity, including Albania and Paraguay, rely on
hydropower as the primary energy source [20]. Pumped hydro storage (PHS) systems represent 3% of the world's total
installed electricity generation capacity and 99% of electricity storage capacity in recent years, making them the most
widely used mechanical storage systems [14].

Essentially, a PHS system is an extensive, reversible technology for storing and releasing electricity, harnessing the
potential energy of water. As the most prevalent energy storage system, PHS plays a crucial role in energy management
by enabling the storage of substantial energy quantities for prolonged periods [21]. PHS systems usually store energy
during periods with low demand and price, and release it during periods with high demand and price, effectively
substituting higher-cost energy generation. The capacity for utility-scale energy storage ranges from a few hours to
several days or even weeks, and exhibits flexibility in start/stop operations and rapid response times. Additionally, PHS
systems contribute to frequency regulation and voltage control services, seamlessly integrating renewable energy
sources into the power system [22].

Hydroelectric energy has been explored on the islands of Macaronesia for many years; among other factors, the
orography allows for the generation of relevant waterheads that help produce energy in a simple manner on these islands
[23, 24]. An exceptional case of this type of infrastructure, an underground pumped hydroelectric scheme, is located on
the island of Madeira (Portugal). In this type of reversible hydroelectric power plant, the lower reservoir is located
underground, where abandoned facilities such as mines can be used [25]. On the islands of the Azores archipelago,
hydroelectric plants, along with wind energy, contribute to fulfilling a portion of the energy demand on these Portuguese
islands. In the case of Cape Verde, which is part of Macaronesia but remains an independent country outside the
European Union, the nation features thermal, wind, and solar power plants. However, the Cape Verdean government
aims to have 50% of its electricity supply from renewable sources by 2020; they plan to install an off-stream pumped
storage hydropower plant on the island of Santiago [26], which is the largest island in the archipelago.
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The application of hydroelectric power schemes has underscored their importance in island electric energy supply
systems. It is imperative to analyze the hydroelectric capacity of selected islands within the Macaronesia region through
a SWOT analysis, in order to assess the current state of this type of energy on the islands and how it can be developed
to play a crucial role in the ecological transition of these islands.

This article investigates and evaluates the hydroelectric potential of these islands through a comprehensive study.
First, the designated research area is introduced, providing a clear overview of the islands under consideration.
Subsequently, this study examines four archipelagos with similar geographical characteristics, three of which are
considered outermost regions of Europe. In light of the pressing European challenge of promoting ecological transition
on islands, this study proposes to evaluate the current state of hydropower in each of these archipelagos. The aim is to
draw sound conclusions and improve current knowledge about the status of hydropower in these four island regions.

2. Research Methodology

To comprehensively analyze the hydropower potential in Macaronesia islands, a two-pronged methodological
approach was employed, combining a Strengths, Weaknesses, Opportunities, and Threats (SWOT) analysis with an in-
depth literature review: i) SWOT Analysis: This phase focused on dissecting the internal characteristics (strengths and
weaknesses) of each island relevant to hydropower development. These internal factors encompass aspects like
topography, water resources, existing infrastructure, and technical expertise. Additionally, the analysis explored external
factors (opportunities and threats) that could influence hydropower feasibility. These external factors include aspects
like government policies, environmental regulations, technological advancements, and regional energy markets. By
systematically evaluating these internal and external factors, the SWOT analysis provided a holistic understanding of
the opportunities and challenges associated with hydropower in each island; ii) Literature Review: In parallel, an
extensive review of relevant academic literature was conducted. This review aimed to establish a strong theoretical
foundation for the study by delving into existing research on hydropower development in island contexts. The review
encompassed themes such as the specific challenges and considerations for island hydropower projects, global best
practices in mitigating environmental impacts, and recent advancements in pumped storage technologies. By integrating
this knowledge base into the analysis, the study ensured a well-rounded understanding of the topic and provided a robust
framework for interpreting the results of the SWOT analysis.

This combined approach, leveraging both structured SWOT analysis and a comprehensive literature review,
strengthens the study's credibility and validity. It allows for a nuanced examination of the hydropower potential in each
island, considering both internal island-specific factors and the broader external influences.

2.1. Study Area

Macaronesia refers to a geographical region in the northeastern Atlantic Ocean that comprises a group of volcanic
archipelagos. It includes the islands of Azores, Madeira, the Canary Islands, and Cape Verde (see Figure 1).

Azores
(Portugal)

Madeira

(Portugal)

Canary Islands

Atlantic Ocean

Cape Verde

Figure 1. Macaronesia area, which includes Cape Verde, Canary Islands (Spain), Madeira (Portugal) and Azores (Portugal)
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The Autonomous Region of the Azores (RAA) is a territory within Portugal, situated in the Northeast Atlantic and
consisting of nine volcanic islands. The climate is predominantly influenced by the North Atlantic Subtropical
Anticyclone (Azores Anticyclone), the proximity of the Gulf Stream, and sea water temperature [27]. Classified as
predominantly humid temperate, according to the Koppen—Geiger climate classification, the region experiences
consistent precipitation throughout the year, lacking a distinct dry season, and with a temperate summer climate [28].

The nine islands have nine isolated, independent power generation systems, comprising nine thermal power plants,
ten wind farms, twelve hydroelectric power plants, three geothermal power plants, one photovoltaic power plant, one
waste recovery plant, and one biogas power plant. There is no connection to either the mainland or neighboring islands,
indicating a significant reliance on fossil fuels for energy provision [29]. In 2019, approximately 61.7% of the electrical
energy produced was of thermal origin, and 38.3% was of renewable origin [30]. The 12 hydroelectric power plants in
the Azores have a total installed power of 10,301 kVVA, all designated as mini-hydro plants (<10 MW)—a limit generally
used internationally to separate small and large hydroelectric plants [31].

The Madeira Archipelago is composed of the islands of Madeira, Porto Santo, and Desertas. The islands are situated
in the North Atlantic Ocean, above the Canary Islands, and they constitute an autonomous region of Portugal. Madeira
is the largest and highest island, with a volcanic origin, while Porto Santo has a different origin and is mostly flat [32].

The climate on Madeira Island is primarily temperate with dry, warm summers. In the coastal areas, summers are
hot and dry, while in higher altitudes, summers are cool and dry [33]. Notable differences in elevation create a high
number of different microclimates. The average rainfall increases with elevation; it is higher on the northern slope,
ranging from 600.1 to 2663.6 mm per year. The period with the most precipitation is from November to January [34].
The average temperature is 25 °C in the summer and 17 °C in the winter, with temperatures decreasing with altitude.

In 2000, Madeira obtained 16% of its electricity from renewable energy sources [11]. Twenty years later, this
percentage climbed to 33% and is projected to reach 50% in the next couple of years. Despite recent efforts to include
more RES in electricity production, the Madeira Archipelago still secures most of its electricity from diesel fuel [35].

The Canary Archipelago, which is part of Spain, consists of seven islands: Lanzarote, Fuerteventura, Gran Canaria,
Tenerife, La Palma, La Gomera, and El Hierro. Situated adjacent to Western Sahara, the archipelago is approximately
1,400 kilometers away from the Iberian Peninsula. Characterized by a subtropical climate with minimal seasonal
temperature variations, the Canary Islands' weather is influenced by the trade wind belt and the Azores high [36]. The
presence of a high vertical range results in a multitude of micro-climates, except for Fuerteventura and Lanzarote, which
are flat islands and are predominantly arid. Precipitation across all the Canary Islands notably decreased in the latter half
of the 20th century [37].

Similar to many oceanic islands, the Canary Archipelago heavily relies on the importation of large quantities of
fossil fuels for electricity production, as it is not connected to the mainland grid [38]. Oil is transported to the islands
via large ships and, in 2012, 98% of energy was derived from this source. In 2019, the share of renewable energy reached
15.9%, but data for 2020 is not representative due to the pandemic [39]. In 2022, the Canary Archipelago set a new
record, with RES penetration at 20.1%, marking a 6.3% increase from 2021; however, this achievement still falls short
of the EU target of 32% by 2030 [40].

Cape Verde is a small archipelagic nation situated approximately 500 km off the coast of Senegal in West Africa. It
comprises ten islands, nine of which are inhabited, along with several islets. Estimated population in 2019 was 550,000
and is primarily concentrated on Santiago, the largest island, which also hosts the capital city, Praia. Consequently,
Santiago accounts for the highest energy consumption, representing 55% of the country's generation and consumption
in 2018 [41].

The Cape Verde archipelago is an integral part of the Sahel, characterized by a tropical and arid climate with two
distinct seasons, marked by erratic rainfall, prolonged drought periods, and an average temperature of 24°C [42]. Due
to the absence of rivers amidst its renowned landscapes, warmth, and facing water scarcity, the archipelago relies on
desalination for human consumption. The arid climate has historically posed challenges to water sustainability on the
islands [43]. Additionally, the country relies heavily on fuel imports, with 80% of electricity generated from fossil fuel
thermal power plants contributing to high electricity tariffs.

3. Results and Discussion

3.1. Azores

In the context of a SWOT analysis, various aspects of the Azores can be considered strengths. The volcanic nature
of the islands, featuring widespread steep elevations, inherently meets the geomorphological requirements for potential
energy projects, exemplified by the renovated Salto do Cabrito hydroelectric plant built in 2006 [44]. The climate further
adds to the advantages of the study area, characterized by steady rainfall throughout the year and sufficient surface and
groundwater. Existing hydropower potential is recognized as a significant strength, represented by 12 hydroelectric
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power plants, combined with accumulated knowledge. The installed hydropower capacity for the Azores hydrographic
basin in 2023 was 8MW, according to the national data. From 2008 to 2019, electricity production from renewable
sources increased by 39.6%, with an additional 3.3% increase in the last three years [30]. In the first half of 2023, the
Autonomous Region of the Azores generated 403 GWh of electricity, with 40.7% from renewable sources, including
4.3% from hydropower [45]. These notable rates are the result of systematic studies and strategic action plans at both
the national and local levels, exemplified by initiatives like the Regional Program for Climate Change in the Azores
(PRAC) and — the Azorean Energy Strategy 2030 (EAE) [46].

Nevertheless, despite investments in alternative renewable sources for electricity production in the Azores, the region
still relies heavily on thermal generation [47]. The feasibility of hydropower is contingent on site-specific conditions,
requiring a river and the possibility of constructing a dam. Also, as mentioned earlier, the islands' electrical systems
operate in isolation, without interconnections, a critical issue for ensuring acceptable supply quality and promoting the
deployment of renewable energy sources [48].

Given that the study area currently houses operational mini hydro plants (see Table 1), the primary opportunities lie
in the implementation of pumped hydro storage systems [29]. Introducing such a storage system would offer various
advantages. First, it enables increased utilization of renewable energy, thus supporting and integrating fluctuating
renewables in weak, isolated island power systems [49]. Additionally, storing energy during low-demand periods for
later use, particularly with the islands’ large geothermal and wind potential, can reduce fuel imports and enhance the
reliability of intermittent energy sources [50].

Table 1. Hydroelectric production plants in the Azores, by island and by installed capacity (Source: Relatério do Estado do
Ambiente dos Agores)

Gross head N°¢ and type of  Installed Power  Production in 2022

Name Construction Island (m) turbines [MW] [GWh]
Além Fazenda 1966 Flores 104 3 Francis 1.6 5.1
Canério 1990 Sao Miguel 23 1 Francis 0.4 2.4
Cidade 1954 Terceira 72 1 Pelton 0.3 0.3
Fébrica Nova 1927 Sao Miguel 275 1 Pelton 0.6 0.3
Foz da Ribeira 1990 Sao Miguel 40 1 Francis 0.8 55
Nasce Agua 1954 Terceira 182 1 Pelton 0.7 0.9
Ribeira da Praia 1991 Sao Miguel 166 1 Pelton 0.8 4.1
S. Jodo de Deus 1954 Terceira 120 1 Pelton 0.5 0.5
Salto do Cabrito 2006 Sao Miguel 137 1 Pelton 0.7 4.9
Tambores 1909 Sao Miguel 10 1 Francis 0.1 0.4
Tuneis 2000 Sao Miguel 81 1 Francis 1.6 10.0
Varadouro 1961 Faial 574 1 Pelton 0.3 0.20

The rehabilitation and enhancement of existing hydropower infrastructure provide an opportunity to modernize the
operational framework through digitization. This not only extends equipment lifespan and mitigates cybersecurity risks
but also contributes to increased energy output and compliance with changing contextual conditions [51].
Interconnecting islands or linking with the mainland can enhance overall cost efficiency, especially in addressing
challenges like high capacity-to-peak load ratios and extensive reliance on diesel generation, leading to greater grid
stability and improved exploitation of existing renewables [28].

As main threats, the construction of dams results in substantial changes to land use, leading to habitat loss,
fragmentation, and degradation, which negatively affect local ecosystems and biodiversity [52]. Concurrently, the
natural flow patterns of water are disrupted, impacting both aquatic and terrestrial habitats, and exacerbating ecological
consequences [53]. Furthermore, even though there are either no rivers or short rivers in the Macaronesia islands, the
location of dams and the habitat of the fish inhabiting those rivers should be considered, in order to disturb their way of
life and reproduction as little as possible [54].

The Azores archipelago faces a significant flood threat, primarily stemming from flash floods triggered by intense,
sporadic rainfall, which is particularly perilous when impacting urban areas situated in flood-prone zones [55]. Notably,
five islands (Santa Maria, Sdo Miguel, Terceira, Sdo Jorge, and Flores) host hydrographic basins with elevated flood
risks, totaling 43 basins covering 344 sq km or approximately 15% of the regional area [56].

In 2022, the Azores recorded a total of 1.8 million air passenger disembarkations, representing growth of 67%
compared to 2015. The destination recorded 3.2 million overnight stays and 1.0 million guests, indicating growth of
107% and 102%, respectively, compared to 2015 and an increase of 6% and 5%, respectively, compared to 2019 [57].
These trends underscore the imperative for promptly incorporating renewable energy systems to mitigate the risk of
overreliance on thermal sources.
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3.2. Madeira

The mountainous topography of Madeira makes installing large reservoirs difficult, but, out of the ten hydropower
plants operating in Madeira, nine are built on rivers. These are crucial during heavy rain, as the need for thermal
electricity is lowered, reducing CO, emissions [58]. The locations with the most precipitation are on the northern side
of Madeira Island, at higher altitudes [25]. In addition to rainfall, hidden precipitation is essential; the trade winds bring
humidity that is captured by forests [59]. This phenomenon is called horizontal or fog rainfall, and it can have
condensation rates above 900 mm [60].

Additionally, there is a reversible hydropower plant in Madeira called Socorridos. Both reservoirs are located
underground, making it the world's first underground pumped hydroelectric scheme (UPHS). The principle is the same
as for classic pumped hydro storage. However, due to the underground location, environmental impacts are lower than
they would be on the surface, and the use of geospace offers various advantages. For example, it is less sensitive to
earthquakes, noise, or other hazards present on the surface [61]. Both reservoirs are tunnels; the upper one is called the
Covéo tunnel, and the lower one is the Socorridos underground reservoir. Not only does it provide electric energy during
rush hours, but it is also used as an irrigation system and ensures public water supply. Additionally, it was constructed
to integrate levadas, a network of aqueducts and channels from the 15th century, into the scheme [25].

In addition to Socorridos, several run-of-river hydropower plants operate in the Madeira Archipelago, including
Serra de Agua (SDA), Calheta 1, 2, and 3, Stream de Janela (RDJ), and Faja da Nogueira (FDN) [62]. Together, they
produce approximately 60 megavolt-amperes, while operational mini hydropower plants contribute 0.9 megawatts [63].
Despite Socorridos being a valuable contributor to RES penetration, the utilization of natural resources for new
hydropower plants is approaching its limits, exemplified by constraints on the stream of S8o Vicente due to its use by
the Socorridos power plant. Insufficient hydrological data further complicates planning [62].

For its part, Porto Santo Island lacks potential for hydropower pumped storage due to its limited surface altitude
difference, with the highest peak at only 402 m [62].

In the work of Marczinkowski and Barros [64], the crucial role of institutions in the development of renewable
energies is emphasized, highlighting the need for them to move away from the fossil fuel model and embrace leadership
in ecological transition and the alternative of green energy sources. The Portuguese government on Madeira island has
sought to make energy consumption more flexible by making night-time electricity tariffs attractive to consumers.
However, these tariffs do not consider the electricity mix or how that energy is produced [64].

Finally, one of the fundamental aspects that can be categorized as a threat is the proliferation of small hydroelectric
plants throughout the territory, as these small plants may neglect large-scale ecological and evolutionary processes [65].
Additionally, they can hinder the dispersion and migration of organisms, increasing the risk of local extinction [66].

3.3. Canary Islands

The Canary Islands boast notable strengths in their hydropower potential, primarily exemplified by the ElI Gorona
del Viento power plant on El Hierro [12]. This facility, operational since 2015, integrates a wind farm and a pumped
storage hydropower system, significantly increasing RES penetration on the island (see Table 2). In 2016, RES
penetration rose by 21.3%, reaching an impressive 79.4% by July 2017 [67]. In 2018, renewable energy sources
accounted for 55% of the electricity generated in EI Hierro [68].

Table 2. Energy demand covered by different energy sources per island for the year 2021 (Gobierno de Canarias [69])

Demand Coverage Gran La La El

(MWh)/Island Canaria Tenerife  Lanzarote  Fuerteventura Palma  Gomera  Hierro Canary Islands
Conventional fossil fuels 2,661,453 2,678,027 645,327 508,727 239,089 71,022 26,133 6,829,778
Wind 632,818 524,474 65,696 97,696 22,075 114.69 0 1,342,875
Photovoltaic 55,823 175,052 9,753 15,685 5,393 6.34 47.41 261,760
Mini-hydraulics 0 3,048 0 0 0 0 0 3,048
Wind Hydro 0 0 0 0 0 0 33,343 33,343
Biogas (landfill) 0 8,000 475 0 0 0 0 8,475
Total Demand Coverage (MWh) 3,350,094 3,388,601 721,251 622,108 266,557 71,143 59,523 8,479,279
% RES 2021 20.6% 21,.0% 10.5% 18.2% 10.3% 0.2% 56.1% 19.5%

Although the El Electron hydroelectric plant in La Palma, the oldest in the archipelago, is no longer operational, it
symbolizes the historical importance of hydropower in the region. Recognizing the commitment of La Palma's residents,
the local government initiated the La Palma renewable project, aiming for a transition to 100% clean energy [70].
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Traditionally, smaller islands have been the testing ground for hydroelectric power systems, such as those mentioned
on the islands of La Palma and EI Hierro. This is why the Chira Soria project on the island of Gran Canaria (one of the
Canary Islands, along with Tenerife) is now gaining great importance [71].

With growing electricity demand, the implementation of new RES projects is essential. The proposed Chira-Soria
project in Gran Canaria (Figure 2), a reversible pumped storage hydroelectric power plant, faces delays in construction
initiation and potential inadequacy in meeting the rising energy demand [71]. The power plant will have a capacity of
200 MW and will supply energy for a maximum of 18 hours, which equates to a storage capacity of 3.6 GWh, ensuring
36% of the electrical demand during peak hours.

Chira Reservoir
5,6 Hm3

Soria Reservoir
32,3 Hm?

Figure 2. Hydropumping project of 200 MW with desalinated water (Salto de Chira, Gran Canaria)

Identifying topographically suitable sites with sufficient water capacity for hydro storage remains a challenge. High
capital costs, despite low operating costs, pose an obstacle to renewable energy projects [72]. Therefore, optimization
of existing hydro storage facilities and the potential construction of new ones, such as the Chira-Soria project, offer
opportunities for job creation, increased RES production, and reduced CO; emissions [73]. Additionally, the exploration
of abandoned hydroelectric power plants like Salto del Mulato on La Palma or the integration of mini hydropower plants
in urban sewer systems holds promise for further energy production. Nevertheless, environmental concerns, such as
dams located within protected areas on Gran Canaria, further complicate the sustainable development of hydropower
[74].

A positive aspect of the Canary Islands is that there is no risk of disrupting river ecosystems, as there are no rivers
considered to exist in the Canary Islands. However, it is true that the infrastructure required for the development of
hydroelectric power can generate critical situations for animals and plants, such as the loss of shelter and food, and the
alteration of variables such as humidity and temperature [75]. This is something that was also mentioned when
discussing Madeira and the local extinctions that occurred there.

3.4. Cape Verde

As one of the 15 Small Island Developing States (SIDS) with a 100% renewable energy target, Cape Verde's 2008
National Energy Policy initially aimed to secure half its electricity from renewable sources by 2020 [76]. The nation has
since elevated this goal to achieving 100% renewable electricity by 2025, emphasizing the use of domestically available,
renewable, and low-carbon energy sources.

Cape Verde strategically utilizes its abundant renewable resources to establish local power sources. Between 2012
and 2017, wind energy accounted for approximately 22% of the country's total electricity consumption, significantly
reducing fuel usage [77]. The nation's commitment to sustainability is evident in the total penetration of renewable
energy sources, reaching 20.8% in 2018, marking a 2.3% increase from 2017 [77].

A PSH project for Santiago Island in Cape Verde, scheduled for 2020, was in the planning stages [20]. This off-
stream PSH plant is distinctive, featuring independent reservoirs not reliant on natural stream flow, emphasizing stored
potential energy derived from previously pumped water. Segurado et al. [58] proposed a solution to address the island's
freshwater scarcity by incorporating desalinated water into the pumping and hydro station, subsequently distributing it
to the population. Utilizing excess wind power in desalination units serves as a demand-side management strategy,
considering the impracticality of converting water back into electricity. The study suggests achieving over 30% of yearly
power production from renewable energy sources, with 33% from wind power and 3% from pumped storage hydro.
Approximately 50% of the water supplied to the population can be sourced from wind power.

Cape Verde encounters formidable challenges in harnessing hydropower due to insufficient availability of surface
water resources [78]. While three populated islands manage to avoid desert classification, with an annual rainfall
exceeding 250 mm, they still fall within the semi-arid range, averaging less than 500 mm annually. This natural condition
significantly impedes the feasibility of both hydroelectric electricity generation and hydro storage.
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From a security of supply perspective, especially for a country like Cape Verde, which lacks fossil resources or
known reserves, the role of renewable sources is crucial and stresses the importance of establishing significant storage
capacity, whether through pumped hydro, batteries, or other technologies to ensure grid reliability and successfully meet
its environmental targets. It is essential to recognize Cape Verde's heavy reliance on water desalination plants, a process
that demands a substantial electricity supply. In 2018, over 8% of the electricity generated was allocated to water
desalination, as 99.5% of the water supplied to the population came from desalination plants [79].

It is important to note that, of the four archipelagos studied, only Cape Verde is not a European outermost region. In
other words, it is not a European territory, and therefore the guidelines that Europe sets for its overseas territories through
its Smart Specialization Strategies do not apply to Cape Verde. However, due to its proximity to the continent and its
historical ties, this country has become a beneficiary of international cooperation in renewable energy, which provides
an opportunity for growth and investment in clean energy [80].

3.5. SWOT

Despite the promising outlook for integrating renewable energy sources into the grid, several barriers hinder their
effective implementation in electricity generation processes across African countries, including Cape Verde [81] (Figure
3). High renewable potential often encounters limitations due to cost barriers, financing challenges, existing policy and
regulatory frameworks, technical issues related to the grid structure, and the unpredictable nature of certain renewable
resources [82]. These challenges pose significant obstacles to the integration of renewables into the energy landscape
for Cape Verde and many SIDS with similarly ambitious renewable energy goals, risking the possibility of falling into
an eco-island trap [83].

e Building of new pumped hydro storage systems e Environmental impact

e Connection of island grids to those on the mainland e Floods

e Establishment of substantial storage capacity e Climate change

e Optimization of existing structures e Unpredictability of RES

e Mini hydropower plants * Volcanism

o Challenges in administration
e High initial cost of hydro power plants

e Private investment in RES

Figure 3. SWOT Analysis of the strengths, opportunities, threats, and weaknesses of the Macaronesian Islands for the
implementation of renewable energies

After conducting this analysis, similar challenges were observed in the four archipelagos studied, which can be
summarized as follows: i) the decentralized electrical system, comprised of grids corresponding to each inhabited island,
poses a barrier to achieving economies of scale [8, 84]; ii) the distribution of fuel storage capacity and logistical resources
among the islands is generally inadequate [85]; iii) the demand for electricity continues to rise, driven by factors such
as population growth and the thriving tourism industry on the islands, including nautical tourism [34]; iv) the significant
dependence on fossil fuel-based power plants, coupled with expensive fuel imports, highlights the importance of
reducing reliance on imported fuels through increased penetration of renewable energies for the economic well-being
of the State [86]; and V) a fully decarbonized electrical system would also be the most job-generating option among
other alternatives [87].

Seawater-pumped hydro storage (S-PHS) emerges as a geographically relevant solution for islands and semi-arid
regions, offering an alternative or supplement to traditional PHS plants. The technology operates based on hydraulic
potential energy storage, utilizing the elevated position of seawater relative to sea level for electrical energy storage.
During periods of low demand, water is pumped to a high reservoir, typically an inland bay, and is released to the sea—
acting as the natural lower reservoir—during peak hours [88]. S-PHS projects distinguish themselves from conventional
pumped storage power projects in various ways. Notably, construction costs are reduced, as the sea functions as the
lower reservoir, eliminating the need for a dam and lower reservoir land [89]. Additionally, the minimal variation in
head, as the water surface level of the sea only fluctuates between high and low tides, is advantageous for pump-turbine
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design [90]. However, despite these advantages, the use of seawater in energy storage presents challenges. Corrosion
poses a significant issue for metal components, necessitating the development of corrosion-resistant materials [50].

Global demand for energy is rapidly escalating, with a significant portion still met by fossil fuels, contributing to
CO; emissions and climate change [91]. To address this issue, an effective strategy involves increasing the utilization
of renewable energy sources, particularly hydropower, which holds the highest share of RES worldwide and plays a
pivotal role in combating climate change.

Isolated islands, such as those in Macaronesia, face more substantial challenges in energy and electricity compared
to mainland areas. While distant archipelagos predominantly rely on fossil fuels, their impact on environmental pollution
is less pronounced than that of mainland regions. However, the ecosystems of these islands are exceptionally vulnerable
to greenhouse emissions [92]. The remoteness of these areas prevents them from connecting to mainland grids, and
utilizing RES is challenging due to the instability of insular grids. Additionally, islands must diversify their energy
sources since weather-sensitive renewables like wind and solar power require alternative options. Fortunately, many
islands possess multiple RES, and hydropower, especially in the form of pumped hydro storage, serves as a reliable
complement, generating electricity independent of weather conditions. Some islands, such as Trinidad and Tobago and
Bahrain, rely on oil and gas resources, posing challenges for a transition to more environmentally friendly alternatives
[93]. Conversely, Iceland stands as an exemplary case, achieving an RES penetration of 99.8% in 2015 through
geothermal and hydroelectric energy [94].

Remote islands globally are increasingly striving to integrate renewable energy sources into their electricity
production. Successful sustainable energy solutions have been implemented in various island locations, including Samsg
(Denmark), the Galapagos Islands (Ecuador), the Caribbean, Tokelau (New Zealand), and the study area islands — the
Azores and the Canary Islands. Hybrid RES systems, as mentioned earlier, are widely adopted in these cases [92].

Hawaii, another volcanic archipelago aiming for higher RES penetration, encounters challenges akin to those faced
by Macaronesian archipelagos. Shifting water consumption from agriculture to tourism has strained water resources,
prompting debates about sustainable practices. Proposals for a pumped hydro storage system, while aiming to address
water diversion concerns, have encountered opposition, prolonging deliberations over a decade [95]. The suitability of
pumped hydro storage in certain areas, as seen in Croatia, is contingent on topography and geological factors. For
instance, flat and arid Croatian islands connected to the mainland grid present less favorable conditions for pumped
hydro storage [96].

In short, the path to energy independence for the studied archipelagos lies in a strong commitment to renewable
energy, grid modernization, and improved storage. It is crucial that the islands take ownership and make their ecological
transition as soon as possible, as they are highly vulnerable to climate change. In addition, due to the potential
environmental risks, this transition requires a thorough study of the pros and cons of each project, in order to choose the
best option and the most suitable energy alternative in each case.

4. Conclusions

In this study, a comprehensive SWOT analysis was conducted to assess the feasibility of and challenges associated
with hydroelectric energy in the islands of Macaronesia. Through the evaluation of strengths, weaknesses, opportunities,
and threats, we have gained a comprehensive understanding of the current and future outlook of this form of energy
generation in a specific island environment.

The Macaronesian islands must systematically address the technological, environmental, and socioeconomic
obstacles related to the use of hydropower, in order to proceed. The archipelagos could move toward a more sustainable
energy future by utilizing their natural resources and taking inspiration from successful international models. This will
lessen their reliance on fossil fuels and help the world community fight climate change.

In terms of strengths, the availability of water resources in the islands stands out, providing a sustainable source of
renewable energy. Water storage capacity also offers flexibility in energy generation, allowing for adaptation to demand
variations. The reduction of greenhouse gas emissions and energy independence are key benefits associated with
hydroelectric power. Administrative challenges, lengthy approval processes for new power stations, and bureaucratic
hurdles contribute to threats facing hydropower projects.

In summary, the exploration of hydropower potential in Macaronesia unveils both opportunities and challenges.
Escalating energy demand, coupled with the environmental impacts of climate change, necessitates swift action. Broadly
speaking, the studied archipelagos share common energy-related issues, including the inability to connect to mainland
grids, resulting in a reliance on fossil fuels. Additional challenges encompass an unstable grid, high initial costs, and
demographic dispersity. The Canary Islands, Azores, and Madeira Archipelago, characterized by mountainous
topography, present an opportunity for the installation of pumped hydro storage. However, despite the Azores and
Madeira Archipelago having notably higher precipitation rates, their hydropower penetration remains relatively modest.
The current penetration rates of RES in these three archipelagos underscore the potential for improvement, with a
particular emphasis on enhancing hydropower. In contrast, Cape Verde, grappling with similar challenges, stands out as
the most arid and flat among the Macaronesian archipelagos, imposing constraints on hydropower potential. Despite
these hurdles, there is a discernible commitment among the islands to adopt sustainable energy solutions, as evidenced
by the increasing penetration of renewable sources.

2378



Civil Engineering Journal Vol. 10, No. 07, July, 2024

5. Declarations
5.1. Author Contributions

Conceptualization, J.C.S. and N.C.P.; methodology, V.L.P.K. and A.J.; software, J.S.R.A.; validation, J.C.F.; formal
analysis, A.G.G.; investigation, J.R.M.; writing—original draft preparation, J.C.S., N.C.P., V.LP.K.,, AJ.,, JSR.A,,
J.C.F., A.G.G. and J.R.M.; writing—review and editing, J.C.S., N.C.P., V.LP.K,, AJ, JS.RA. JCF, AG.G,, and
J.R.M. All authors have read and agreed to the published version of the manuscript.

5.2. Data Availability Statement

Data sharing is not applicable to this article.

5.3. Funding

This research was partially supported by the European Union's Horizon Miss 2022 Clima 01, under grant agreement
101112859, project NATALIE (Accelerating and mainstreaming transformative NATure-bAsed solutions to enhance
resilience to climate change for diverse bio-geographical European regions).

5.4. Conflicts of Interest

The authors declare no conflict of interest.

6. References

[1] Cruz-Pérez, N., Santamarta, J. C., Gamallo-Paz, I., Rodriguez-Martin, J., & Garcia-Gil, A. (2022). A comparison between carbon
footprint of water production facilities in the Canary Islands: groundwater resources vs. seawater desalination. Sustainable Water
Resources Management, 8(4), 121. doi:10.1007/s40899-022-00706-0.

[2] Santamarta, J. C., Cruz-Pérez, N., Rodriguez-Martin, J., Beltran, R. F., de Gracia, M. D. S., & Garcia-Gil, A. (2022). Ecological
transition in a World Heritage City: The case of San Cristobal de La Laguna (Canary Islands). Environmental Progress &
Sustainable Energy, 41(6), e13957. doi:10.1002/ep.13957.

[3] P8_TA(2016)0049. (2016). Special situation of islands European Parliament resolution of 4 February 2016 on the special situation
of islands (2015/3014(RSP)). Official Journal of the European Union, C 35/71.

[4] Barone, G., Buonomano, A., Forzano, C., Giuzio, G. F., & Palombo, A. (2021). Increasing renewable energy penetration and
energy independence of island communities: A novel dynamic simulation approach for energy, economic, and environmental
analysis, and optimization. Journal of Cleaner Production, 311, 127558. doi:10.1016/j.jclepro.2021.127558.

[5] Gabderakhmanova, T., & Marinelli, M. (2022). Multi-Energy System Demonstration Pilots on Geographical Islands: An
Overview across Europe. Energies, 15(11), 3908. doi:10.3390/en15113908.

[6] Stenzel, P., Schreiber, A., Marx, J., Wulf, C., Schreieder, M., & Stephan, L. (2017). Renewable energies for Graciosa Island,
Azores-Life Cycle Assessment of electricity generation. Energy Procedia, 135, 62—74. doi:10.1016/j.egypro.2017.09.487.

[7] loannidis, A., Chalvatzis, K. J., Li, X., Notton, G., & Stephanides, P. (2019). The case for islands’ energy vulnerability: Electricity
supply diversity in 44 global islands. Renewable Energy, 143, 440-452. doi:10.1016/j.renene.2019.04.155.

[8] Caldera, U., Gulagi, A., Jayasinghe, N., & Breyer, C. (2023). Looking island wide to overcome Sri Lanka’s energy crisis while
gaining independence from fossil fuel imports. Renewable Energy, 218, 119261. doi:10.1016/j.renene.2023.119261.

[9] IRENA. (2024). Small Island Developing States at a Crossroads: Towards equitable energy access in least-electrified countries.
International Renewable Energy Agency (IRENA), Masdar City, United Arab Emirates.

[10] Blechinger, P., Cader, C., Bertheau, P., Huyskens, H., Seguin, R., & Breyer, C. (2016). Global analysis of the techno-economic
potential of renewable energy hybrid systems on small islands. Energy Policy, 98, 674-687. doi:10.1016/j.enpol.2016.03.043.

[11] Chen, F., Duic, N., Manuel Alves, L., & da Graga Carvalho, M. (2007). Renewislands-Renewable energy solutions for islands.
Renewable and Sustainable Energy Reviews, 11(8), 1888-1902. doi:10.1016/j.rser.2005.12.0009.

[12] Novykh, O., Pérez, J. A. M., Gonzélez-Diaz, B., & Sviridenko, 1. (2019). Performance analysis of hybrid hydroelectric gorona
del viento and the basic directions of its perfection. Renewable Energy and Power Quality Journal, 17, 489-494.
doi:10.24084/repqj17.353.

[13] Katsaprakakis, D. Al, Proka, A., Zafirakis, D., Damasiotis, M., Kotsampopoulos, P., Hatziargyriou, N., Dakanali, E.,
Arnaoutakis, G., & Xevgenos, D. (2022). Greek Islands’ Energy Transition: From Lighthouse Projects to the Emergence of
Energy Communities. Energies, 15(16), 5996. doi:10.3390/en15165996.

[14] Nikolaos, P. C., Marios, F., & Dimitris, K. (2023). A Review of Pumped Hydro Storage Systems. Energies, 16(11), 4516.
doi:10.3390/en16114516.

2379



Civil Engineering Journal Vol. 10, No. 07, July, 2024

[15] Meirelles, M., Carvalho, F., Porteiro, J., Henriques, D., Navarro, P., & Vasconcelos, H. (2022). Climate Change and Impact on
Renewable Energies in the Azores Strategic Visions for Sustainability. Sustainability (Switzerland), 14(22), 15174.
d0i:10.3390/su142215174.

[16] Shehhi, A. Al, Hazza, M. Al, Alnahhal, M., Sakhrieh, A., & Zarooni, M. Al. (2021). Challenges and barriers for renewable
energy implementation in the United Arab Emirates: Empirical study. International Journal of Energy Economics and Policy,
11(1), 158-164. doi:10.32479/ijeep.10585.

[17] Notton, G. (2015). Importance of islands in renewable energy production and storage: The situation of the French islands.
Renewable and Sustainable Energy Reviews, 47, 260—269. doi:10.1016/j.rser.2015.03.053.

[18] UNIDO. (2022). World Small Hydropower Development Report 2022. United Nations Industrial Development Organization
(UNIDO), Vienna, Austria.

[19] Meng, Y., Liu, J., Leduc, S., Mesfun, S., Kraxner, F., Mao, G., Qi, W., & Wang, Z. (2020). Hydropower Production Benefits
More From 1.5°C than 2°C Climate Scenario. Water Resources Research, 56(5), 25519. doi:10.1029/2019WR025519.

[20] Nordman, E., Barrenger, A., Crawford, J., McLaughlin, J., & Wilcox, C. (2019). Options for achieving cape verde’s 100%
renewable electricity goal: A review. Island Studies Journal, 14(1), 41-58. doi:10.24043/isj.73.

[21] Pina, A., loakimidis, C. S., & Ferrdo, P. (2008). Economic modeling of a seawater pumped-storage system in the context of Sao
Miguel. 2008 IEEE International Conference on Sustainable Energy Technologies. doi:10.1109/ICSET.2008.4747098.

[22] loakimidis, C. S., & Genikomsakis, K. N. (2018). Integration of seawater pumped-storage in the energy system of the Island of
Sao Miguel (Azores). Sustainability (Switzerland), 10(10), 3438. doi:10.3390/su10103438.

[23] Bueno, C., & Carta, J. A. (2006). Wind powered pumped hydro storage systems, a means of increasing the penetration of
renewable energy in the Canary Islands. Renewable and Sustainable Energy Reviews, 10(4), 312-340.
doi:10.1016/j.rser.2004.09.005.

[24] Williams, A. A., & Simpson, R. (2009). Pico hydro - Reducing technical risks for rural electrification. Renewable Energy, 34(8),
1986-1991. doi:10.1016/j.renene.2008.12.011.

[25] Sousa, L. R. e, Gouzhao, L., Cafofo, P., Sousa, R. L., Gomes, A. T., Dias, D., & Vargas, E. (2022). Underground pumped
hydroelectric schemes: the Madeira Island case. Arabian Journal of Geosciences, 15(1), 108. doi:10.1007/s12517-021-09333-z.

[26] Barreira, 1., Gueifdo, C., & Ferreira De Jesus, J. (2017). Off-stream Pumped Storage Hydropower plant to increase renewable
energy penetration in Santiago Island, Cape Verde. Journal of Physics: Conference Series, 813(1), 12011. doi:10.1088/1742-
6596/813/1/012011.

[27] Carvalho, F., Meirelles, M., Henriques, D., & Navarro, P. (2020). Climate Change and the Increase in Extreme Events in the
Azores. Boletim Do Nucleo Cultural Da Horta, 29, 95-108. (In Portuguese).

[28] Rémillard, J., & Tselioudis, G. (2015). Cloud regime variability over the Azores and its application to climate model evaluation.
Journal of Climate, 28(24), 9707-9720. doi:10.1175/JCLI-D-15-0066.1.

[29] Barbaro, M., & Castro, R. (2020). Design optimisation for a hybrid renewable microgrid: Application to the case of Faial island,
Azores archipelago. Renewable Energy, 151, 434-445. doi:10.1016/j.renene.2019.11.034.

[30] REAA. (2020). Relatdrio do Estado do Ambiente dos Acores 2017-2019.

[31] Comino, E., Dominici, L., Ambrogio, F., & Rosso, M. (2020). Mini-hydro power plant for the improvement of urban water-
energy nexus toward sustainability - A case study. Journal of Cleaner Production, 249, 119416. doi:10.1016/j.jclepro.2019.119416.

[32] Roque, C., Hernandez-Molina, F. J., Madureira, P., Quartau, R., Magalhaes, V., Brito, P., Vazquez, J. T., & Somoza, L. (2022).
Interplay of deep-marine sedimentary processes with seafloor morphology offshore Madeira Island (Central NE-Atlantic).
Marine Geology, 443, 106675. doi:10.1016/j.marge0.2021.106675.

[33] Espinosa, L. A., & Portela, M. M. (2020). Rainfall Trends over a Small Island Teleconnected to the North Atlantic Oscillation -
the Case of Madeira Island, Portugal. Water Resources Management, 34(14), 4449-4467. doi:10.1007/s11269-020-02668-4.

[34] da Luz, L. M., Antunes, A. P., Caldeirinha, V., Caballé-Valls, J., & Garcia-Alonso, L. (2022). Cruise destination characteristics
and performance: Application of a conceptual model to North Atlantic islands of Macaronesia. Research in Transportation
Business & Management, 43, 100747. doi:10.1016/j.rtbm.2021.100747.

[35] Miguel, M., Nogueira, T., & Martins, F. (2017). Energy storage for renewable energy integration: The case of Madeira Island,
Portugal. Energy Procedia, 136, 251-257. d0i:10.1016/j.egypro.2017.10.277.

[36] Rodriguez-Martin, J., Cruz-Pérez, N., & Santamarta, J. C. (2022). Maritime Climate in the Canary Islands and its Implications
for the Construction of Coastal Infrastructures. Civil Engineering Journal (Iran), 8(1), 24-32. doi:10.28991/CEJ-2022-08-01-02.

2380



Civil Engineering Journal Vol. 10, No. 07, July, 2024

[37] Bechtel, B. (2016). The Climate Of The Canary Islands By Annual Cycle Parameters. ISPRS - International Archives of the
Photogrammetry, Remote Sensing and Spatial Information Sciences, XLI-B8, 243-250. doi:10.5194/isprsarchives-xli-h8-243-
2016.

[38] Santamarta, J. C., Rubiales, I. C., Rodriguez-Martin, J., & Cruz-Pérez, N. (2022). Water status in the Canary Islands related to
energy requirements. Energy Efficiency, 15(2), 12. doi:10.1007/s12053-021-10016-7.

[39] Mendieta Pino, C. A., Lozano Medina, J. C., Ramos Martin, A., Déniz Quintana, F., & Henriquez Concepcion, V. (2023). GHG
Mitigation in the Electricity Production System in Canary Islands. a Proposal for a Management and Optimization Tool in
Generation. 36th International Conference on Efficiency, Cost, Optimization, Simulation and Environmental Impact of Energy
Systems (ECOS 2023). doi:10.52202/069564-0184.

[40] Torres-Herrera, H. J., & Lozano-Medina, A. (2021). Methodological Proposal for the Assessment Potential of Pumped
Hydropower Energy Storage: Case of Gran Canaria Island. Energies, 14(12), 3553. doi:10.3390/en14123553.

[41] Ferreira, P., Lopes, A., Dranka, G. G., & Cunha, J. (2020). Planning for a 100% renewable energy system for the Santiago Island,
Cape Verde. International Journal of Sustainable Energy Planning and Management, 29, 25-40. doi:10.5278/ijsepm.3603.

[42] Baptista, S., & Tarelho, L. (2020). Analysis of evolution scenarios of Santiago Island energy sector in Cabo Verde. Energy
Reports, 6, 574-580. doi:10.1016/j.egyr.2019.09.028.

[43] Segurado, R., Krajaci¢, G., Duié, N., & Alves, L. (2011). Increasing the penetration of renewable energy resources in S. Vicente,
Cape Verde. Applied Energy, 88(2), 466—472. doi:10.1016/j.apenergy.2010.07.005.

[44] EDA. (2020). Chira-soria Hydroelectric Pumping Station Project - Main Equipment Corresponding to the Generation Train.
Tender documents: T455484673, G455484673. European Defence Agency (EDA), Brussels, Belgium.

[45] EDA. (2023). Renewable electricity in review. Portugal needs our energy. Eletricidade dos Agores (EDA), Ponta Delgada,
Portugal. (In Portuguese).

[46] EAE. (2022). Acoriana Strategy for Energy 2030. Dire¢do Regional da Energia, Ponta Delgada, Portugal. (In Portuguese).

[47] Martins, A. A., Simaria, M., Barbosa, J., Barbosa, R., Silva, D. T., Rocha, C. S., Mata, T. M., & Caetano, N. S. (2018). Life
cycle assessment tool of electricity generation in Portugal. Environment, Development and Sustainability, 20, 129-143.
doi:10.1007/s10668-018-0179-y.

[48] Ramos-Real, F. J., Barrera-Santana, J., Ramirez-Diaz, A., & Perez, Y. (2018). Interconnecting isolated electrical systems. The
case of Canary Islands. Energy Strategy Reviews, 22, 37-46. doi:10.1016/j.esr.2018.08.004.

[49] Stenzel, P., Schreiber, A., Marx, J., Wulf, C., Schreieder, M., & Stephan, L. (2018). Environmental impacts of electricity
generation for Graciosa Island, Azores. Journal of Energy Storage, 15, 292-303. d0i:10.1016/j.est.2017.12.002.

[50] Ansorena Ruiz, R., de Vilder, L. H., Prasasti, E. B., Aouad, M., De Luca, A., Geisseler, B., Terheiden, K., Scanu, S., Miccoli,
A., Roeber, V., Marence, M., Moll, R., Bricker, J. D., & Goseberg, N. (2022). Low-head pumped hydro storage: A review on
civil structure designs, legal and environmental aspects to make its realization feasible in seawater. Renewable and Sustainable
Energy Reviews, 160, 112281. doi:10.1016/j.rser.2022.112281.

[51] Kougias, 1., Aggidis, G., Avellan, F., Deniz, S., Lundin, U., Moro, A., Muntean, S., Novara, D., Pérez-Diaz, J. |., Quaranta, E.,
Schild, P., & Theodossiou, N. (2019). Analysis of emerging technologies in the hydropower sector. Renewable and Sustainable
Energy Reviews, 113, 109257. doi:10.1016/j.rser.2019.109257.

[52] Lees, A. C., Peres, C. A, Fearnside, P. M., Schneider, M., & Zuanon, J. A. S. (2016). Hydropower and the future of Amazonian
biodiversity. Biodiversity and Conservation, 25(3), 451-466. doi:10.1007/s10531-016-1072-3.

[53] Hamidifar, H., Akbari, F., & Rowinski, P. M. (2022). Assessment of Environmental Water Requirement Allocation in
Anthropogenic Rivers with a Hydropower Dam Using Hydrologically Based Methods—Case Study. Water (Switzerland), 14(6),
893. doi:10.3390/w14060893.

[54] O’Hanley, J. R., Pompeu, P. S., Louzada, M., Zambaldi, L. P., & Kemp, P. S. (2020). Optimizing hydropower dam location and
removal in the Sdo Francisco river basin, Brazil to balance hydropower and river biodiversity tradeoffs. Landscape and Urban
Planning, 195, 103725. doi:10.1016/j.landurbplan.2019.103725.

[55] Borges, P., Ng, K., & Calado, H. (2011). Coastal Hazards in the Azores Archipelago — Coastal Storms and Flooding. Journal
of Coastal Research, 61, 474-474. doi:10.2112/si61-001.63.

[56] Cabral, B. (2023). Local communities at the heart of tourism development: the Azores tourism strategy 2030. Worldwide
Hospitality and Tourism Themes, 15(6), 656—663. doi:10.1108/WHATT-09-2023-0113.

[57] Calado, H., Borges, P., Phillips, M., Ng, K., & Alves, F. (2011). The Azores archipelago, Portugal: Improved understanding of
small island coastal hazards and mitigation measures. Natural Hazards, 58(1), 427-444. doi:10.1007/s11069-010-9676-5.

2381



Civil Engineering Journal Vol. 10, No. 07, July, 2024

[58] Segurado, R., Madeira, J. F. A., Costa, M., Dui¢, N., & Carvalho, M. G. (2016). Optimization of a wind powered desalination
and pumped hydro storage system. Applied Energy, 177, 487—499. doi:10.1016/j.apenergy.2016.05.125.

[59] Santamarta, J. C., Lario-Bascones, R. J., Rodriguez-Martin, J., Hernandez-Gutiérrez, L. E., & Poncela, R. (2014). Introduction
to Hydrology of Volcanic Islands. IERI Procedia, 9, 135-140. doi:10.1016/j.ieri.2014.09.053.

[60] Ramos, H. M., & Coronado-Hernandez, O. E. (2023). loT, machine learning and photogrammetry in small hydropower towards
energy and digital transition: potential energy and viability analyses. Journal of Applied Research in Technology & Engineering,
4(2), 69-86. doi:10.4995/jarte.2023.19510.

[61] Beires, P., Vasconcelos, M. H., Moreira, C. L., & Pecas Lopes, J. A. (2018). Stability of autonomous power systems with
reversible hydro power plants: A study case for large scale renewables integration. Electric Power Systems Research, 158, 1—
14. d0i:10.1016/j.epsr.2017.12.028.

[62] Orr, M. (2014). New Observations on a Geological Hotspot Track: Excursions in Madeira and Porto Santo (1825) by Mrs T.
Edward Bowdich. Centaurus, 56(3), 135-166. doi:10.1111/1600-0498.12060.

[63] Vasconcelos, H., Moreira, C., Madureira, A., Lopes, J. P., & Miranda, V. (2015). Advanced Control Solutions for Operating
Isolated Power Systems: Examining the Portuguese islands. IEEE Electrification Magazine, 3(1), 25-35.
doi:10.1109/MELE.2014.2380131.

[64] Marczinkowski, H. M., & Barros, L. (2020). Technical approaches and institutional alignment to 100% renewable energy system
transition of madeira island-electrification, smart energy and the required flexible market conditions. Energies, 13(17), 4434.
doi:10.3390/en13174434.

[65] Lange, K., Meier, P., Trautwein, C., Schmid, M., Robinson, C. T., Weber, C., & Brodersen, J. (2018). Basin-scale effects of
small hydropower on biodiversity dynamics. Frontiers in Ecology and the Environment, 16(7), 397—404. doi:10.1002/fee.1823.

[66] Tirkaso, W. T., & Gren, I. M. (2022). Evaluation of cost efficiency in hydropower-related biodiversity restoration projects in
Sweden—a stochastic frontier approach. Journal of Environmental Planning and Management, 66(2), 221-240.
doi:10.1080/09640568.2021.1987865.

[67] Frydrychowicz-Jastrzebska, G. (2018). El Hierro Renewable Energy Hybrid System: A Tough Compromise. Energies, 11(10),
2812. d0i:10.3390/en11102812.

[68] Melian-Martel, N., del Rio-Gamero, B., & Schallenberg-Rodriguez, J. (2021). Water cycle driven only by wind energy surplus:
Towards 100% renewable energy islands. Desalination, 515. doi:10.1016/j.desal.2021.115216.

[69] Gobierno de Canarias. (2021). Anuario Energético de Canarias 2021. Consejeria de Transicion Ecoldgica, Lucha contra el
Cambio Climético y Planificacion Territorial, Lanzarote, Spain. (In Portuguese).

[70] European Commission (EU). (2022). Clean energy for EU islands: Virtual Transmission Line for N-1 Security Compliance with
Storage La Palma, Spain. European Commission, Brussels, Belgium.

[71] MENA Report. (2020). Chira-soria Hydroelectric Pumping Station Project - Main Equipment Corresponding to The Generation
Train. Tender documents: T455484673, G455484673. MENA Report, Camden, United Kingdom. Available online:
https://www.proguest.com/wire-feeds/chira-soria-hydroelectric-pumping-station-project/docview/2440135584/se-2  (accessed
on June 2024).

[72] Padrén, 1., Avila, D., Marichal, G. N., & Rodriguez, J. A. (2019). Assessment of Hybrid Renewable Energy Systems to supplied
energy to Autonomous Desalination Systems in two islands of the Canary Archipelago. Renewable and Sustainable Energy
Reviews, 101, 221-230. doi:10.1016/j.rser.2018.11.0009.

[73] Llera, E., Scarpellini, S., Aranda, A., & Zabalza, 1. (2013). Forecasting job creation from renewable energy deployment through
a value-chain approach. Renewable and Sustainable Energy Reviews, 21, 262—271. doi:10.1016/j.rser.2012.12.053.

[74] Erdinc, O., Paterakis, N. G., & Catalad, J. P. S. (2015). Overview of insular power systems under increasing penetration of
renewable energy sources: Opportunities and challenges. Renewable and Sustainable Energy Reviews, 52, 333-346.
doi:10.1016/j.rser.2015.07.104.

[75] Wu, Z., Liu, D., Mei, Y., Guo, S., Xiong, L., Liu, P., Chen, J.,, Yin, J., & Zeng, Y. (2023). A Nonlinear Model for Evaluating
Dynamic Resilience of Water Supply Hydropower Generation-Environment Conservation Nexus System. Water Resources
Research, 59(11), 2023WR034922. doi:10.1029/2023WR034922.

[76] Pombo, D. V., Martinez-Rico, J., & Marczinkowski, H. M. (2022). Towards 100% renewable islands in 2040 via generation
expansion planning: The case of Sdo Vicente, Cape Verde. Applied Energy, 315, 118869. doi:10.1016/j.apenergy.2022.118869.

[77] Garcia, J., & Semedo, A. (2024). Sustainable CO2 Refrigeration System for Fish Cold Storage Facility Using a Renewable
Integrated System with Solar, Wind and Tidal Energy for Cape Verde—Analyzing Scenarios. Sustainability (Switzerland) ,
16(10), 4259. doi:10.3390/su16104259.

2382


https://www.proquest.com/wire-feeds/chira-soria-hydroelectric-pumping-station-project/docview/2440135584/se-2

Civil Engineering Journal Vol. 10, No. 07, July, 2024

[78] Cruz, M. A. R. S., Yahyaoui, I., Fiorotti, R., Segatto, M. E. V., Atieh, A., & Rocha, H. R. O. (2023). Sizing and energy
optimization of wind/floating photovoltaic/hydro-storage system for Net Zero Carbon emissions in Brava Island. Renewable
Energy Focus , 47, 100486. doi:10.1016/j.ref.2023.08.003.

[79] Tavares, T., Tavares, J., Ledn-Zerpa, F. A., Pefiate-Suarez, B., & Ramos-Martin, A. (2022). Assessment of processes to increase
the lifetime and potential reuse and recycling of reverse osmosis membranes towards a circular economy. Case of study of Cape
Verde and Macaronesia area. Desalination and Water Treatment, 259, 308-314. doi:10.5004/dwt.2022.28577.

[80] Targeted News Service (2023). European commission: Team europe and cabo verde present an investment package of Euros246
million to boost green energy, sustainable transport and digital connectivity transformation. Targeted News Service, Washington,
United  States.  Available  online:  https://www.proquest.com/wire-feeds/european-commission-team-europe-cabo-
verde/docview/2881464466/se-2 (accessed on June 2024).

[81] Djellouli, N., Abdelli, L., Elheddad, M., Ahmed, R., & Mahmood, H. (2022). The effects of non-renewable energy, renewable
energy, economic growth, and foreign direct investment on the sustainability of African countries. Renewable Energy, 183, 676—
686. doi:10.1016/j.renene.2021.10.066.

[82] Ibrahiem, D. M., & Hanafy, S. A. (2021). Do energy security and environmental quality contribute to renewable energy? The
role of trade openness and energy use in North African countries. Renewable Energy, 179, 667-678.
doi:10.1016/j.renene.2021.07.019.

[83] Grydehgj, A., & Kelman, I. (2017). The eco-island trap: climate change mitigation and conspicuous sustainability. Area, 49(1),
106-113. doi:10.1111/area.12300.

[84] Kolhe, M. L., Ranaweera, K. I. U., & Gunawardana, A. S. (2015). Techno-economic sizing of off-grid hybrid renewable energy
system for rural electrification in Sri Lanka. Sustainable Energy Technologies and Assessments, 11, 53-64.
doi:10.1016/j.seta.2015.03.008.

[85] Papakonstantinou, A. G., Konstanteas, A. I., & Papathanassiou, S. A. (2023). Solutions to Enhance Frequency Regulation in an
Island System with Pumped-Hydro Storage under 100% Renewable Energy Penetration. IEEE Access, 11(June), 76675-76690.
doi:10.1109/ACCESS.2023.3296890.

[86] Fernandez-Palacios, Y., Kaushik, S., Abramic, A., Cordero-Penin, V., Garcia-Mendoza, A., Bilbao-Sieyro, A., Pérez-Gonzélez,
Y., SepUlveda, P., Lopes, I., Andrade, C., Nogueira, N., Carreira, G. P., Magalhdes, M., & Haroun, R. (2023). Status and
perspectives of blue economy sectors across the Macaronesian archipelagos. Journal of Coastal Conservation, 27(5), 39.
doi:10.1007/s11852-023-00961-z.

[87] Tanasie, A. V., Nastase, L. L., Vochita, L. L., Manda, A. M., Bototeanu, G. I., & Sitnikov, C. S. (2022). Green Economy—
Green Jobs in the Context of Sustainable Development. Sustainability (Switzerland), 14(8), 4796. doi:10.3390/su14084796.

[88] Wu, Y., Zhang, T., Chen, K., & Yi, L. (2020). A risk assessment framework of seawater pumped hydro storage project in China
under three typical public-private partnership management modes. Journal of Energy Storage, 32.
doi:10.1016/j.est.2020.101753.

[89] McLean, E., & Kearney, D. (2014). An evaluation of seawater pumped hydro storage for regulating the export of renewable
energy to the national grid. Energy Procedia, 46, 152-160. doi:10.1016/j.egypro.2014.01.168.

[90] Hu, J., Wang, Q., Meng, Z., Song, H., Chen, B., & Shen, H. (2023). Numerical Study of the Internal Fluid Dynamics of Draft
Tube in Seawater Pumped Storage Hydropower Plant. Sustainability (Switzerland), 15(10), 8327. doi:10.3390/su15108327.

[91] Pradhan, A., Marence, M., & Franca, M. J. (2021). The adoption of Seawater Pump Storage Hydropower Systems increases the
share of renewable energy production in Small Island Developing States. Renewable Energy, 177, 448-460.
doi:10.1016/j.renene.2021.05.151.

[92] Kuang, Y., Zhang, Y., Zhou, B., Li, C., Cao, Y., Li, L., & Zeng, L. (2016). A review of renewable energy utilization in islands.
Renewable and Sustainable Energy Reviews, 59, 504-513. doi:10.1016/j.rser.2016.01.014.

[93] Hosein, R., Boodram, L., & Saridakis, G. (2022). Stimulating Non-Energy Exports in Trinidad and Tobago: Evidence from a
Small Petroleum-Exporting Economy Experiencing the Dutch Disease. Journal of Risk and Financial Management, 15(1), 36.
doi:10.3390/jrfm15010036.

[94] Mikhaylov, A. (2020). Geothermal energy development in Iceland. International Journal of Energy Economics and Policy, 10(4),
31-35. d0i:10.32479/ijeep.9047.

[95] Spengler, S., Heskett, M., Uyeno, D., & Struach, A. (2017). Balancing in-and off-stream uses of water in the Hawaiian Islands.
WIT Transactions on Ecology and the Environment, 216, 15-26. doi:10.2495/WS170021.

[96] Krajaci¢, G., Lonéar, D., Duié, N., Zeljko, M., Lacal Arantegui, R., Loisel, R., & Raguzin, 1. (2013). Analysis of financial
mechanisms in support to new pumped hydropower storage projects in Croatia. Applied Energy, 101, 161-171.
doi:10.1016/j.apenergy.2012.07.007.

2383


https://www.proquest.com/wire-feeds/european-commission-team-europe-cabo-verde/docview/2881464466/se-2
https://www.proquest.com/wire-feeds/european-commission-team-europe-cabo-verde/docview/2881464466/se-2

