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Abstract 
Decarbonisation of different energy sectors of society is becoming a pressing issue globally with 

numerous legislations and objectives being set to decarbonise electrical grids worldwide. Some 

have already been met; however, islanded grids still heavily rely on fossil fuels to meet their 

electrical demand due to the weakness of their grid and limited available space forcing them to 

use space-efficient technologies such as diesel generators. This is the case of Fuerteventura in the 

Canary Islands (Spain) which produces 80-90% of its electricity from fossil fuels. This study will 

analyse the feasibility of decarbonising the electrical grid of Fuerteventura using a decentralised 

grid system with wind, solar, and battery storage to achieve 100% renewable generation.  

To select the best hybrid energy system for the case study, a 9-step methodology has been 

presented and followed in which both descriptive (qualitative) and quantitative data have been 

used to provide the background knowledge of the study and the inputs for the analysis which is 

done using the microgrids optimisation model HOMER. The analysis aims to understand the grid 

and renewable resources on the island to later develop the different scenarios to be reviewed. The 

three different scenarios, wind-battery, solar-battery, and wind-solar-battery were modelled and 

simulated using the latest HOMER software.  

Results showed reduced LCOE and capital costs in the wind-solar-battery scenario compared to 

the wind-battery and solar-battery scenarios due to increased use of wind and lower capacity of 

installed batteries needed. Space availability was shown to be a problem for the scenarios using 

wind as the turbines would occupy 5% of the islands surface. Environmental and visual impacts 

would also be noticeable under the wind-battery and wind-solar-battery scenarios as the entire 

island is a Biosphere Nature Reserve and is a well-known touristic destination for natural virgin 

beaches. Additionally, the results showed that all 3 scenarios had excess electricity values above 

50% of the total electrical production and still experienced some capacity shortages. To solve this, 

diversification of the generation and storage facilities, implementation of DSM (Demand side 

management) and V2G (Vehicle-to-grid), and interconnection of the islands is proposed with the 

latter being the most realistic solution. The study concludes the wind-solar-battery is the most 

technological and economically feasible solution although several issues need to be addressed for 

a similar project to be implemented on a real island.  

Keywords: Hybrid renewable energy systems, HOMER Software, Wind energy, PV, Battery 

storage, Distributed generation, Decarbonisation 
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1 Introduction  
Over the last decade most countries have increased their share of renewable energies in the energy 

and electrical sectors in order to comply with the 2015 Paris Agreement accords. The long-term 

goal for all countries that signed this agreement is to keep the increase in global average 

temperature below 2°C and aiming for a maximum increase of 1.5°C. To do so, 17 Sustainable 

Development Goals (SDGs) were agreed upon to ensure that all countries could continue to 

develop and grow while promoting sustainability in all sectors. The three main SDGs affecting 

the energy sector are SDG 7, promoting sustainable development for “affordable and clean 

energy”, SDG 11, which hopes to see communities transition into renewables and 

environmentally friendly technologies for daily operations to create “Sustainable cities and 

communities”, and SDG 13, which calls for urgent climate action to combat climate change and 

its potential impacts (Paris Agreement, 2020; United Nations, 2022). 

However, carbon emissions experienced its largest increase in 2021, reaching a historical record 

of 36.3 Gt of CO2 emitted. Two billion tonnes of CO2 more than in 2020, which adds up to a 6% 

increase globally. A devastating figure that followed the biggest historical decrease in emissions 

in 2020 thanks to the lockdowns imposed to combat the pandemic (International Energy Agency, 

2022). The International Energy Agency (IEA) states that even though renewable generation 

reached a new maximum in 2021 with 8,000 TWh, emissions have increased overall because there 

has been a parallel increase in the use of coal to meet the energy demands as a result of higher 

gas prices and adverse weather conditions (International Energy Agency, 2022). This 

demonstrates that the energy sector has to further invest and commit in renewable energies in 

order to meet the decarbonisation objective set in the EU to reduce emissions by 55% by 2030, in 

comparison to 1990 levels (Paris Agreement, 2020). 

Furthermore, as a result of the escalation of tensions in Ukraine, the EU has imposed economic 

sanctions on Russia which have heavily targeted the trading of fossil fuels and natural gas into 

Europe. Currently, two different scenarios with drastically different consequences are being 

observed. 

The first scenario analyses the situation in the short term, considering that the new sanctions 

highlight the European dependence on Russian fuels, especially on coal and gas. This has led 

countries affected by these sanctions to look for other natural gas providers that can supply fuel 

to meet their energy demands and replenish reserves, with the US and Algeria being the main 

alternatives to cover Europe’s gas demands (BBC News, 2022). This shortage of natural gas has 

showcased the shortcomings of European grids: with limited flexibility, fragile supply security, 

and a lack of energy self-sufficiency (European Commission, 2022c). Furthermore, the sudden 



2 

 

increase in demand for gas has had a major impact on global gas prices. In Spain and Portugal, 

the rise in gas prices has caused the cost of electricity to reach a historical maximum of 

700€/MWh in the intraday market in March 2022, despite gas constituting only 17% of the 

electricity mix. This has resulted in noticeable consequences in energy bills across the countries 

(SPOT hoy | OMIE, 2022). Lastly, these gas shortages are likely to increase the use of coal to 

meet the immediate energy demands across the continent and increasing GHG emissions. 

The second scenario analyses the situation in the long term. The EU has now proposed a plan to 

become independent from Russian fossil fuels before 2030 and transition earlier into renewables. 

The proposed plan is called ‘REPowerEU’ and will see an increased installation of renewable 

energies and increased development of the hydrogen infrastructure to meet the energy demands. 

The plan will achieve this through a series of measures such as diversification of gas suppliers, 

speeding the permitting processes for renewables, and increasing the use and installation of green 

gases such as hydrogen and ammonia among others. These actions will also aim to stabilise 

current electricity prices. The plan will significantly boost renewable development in the EU and 

ideally put them on track to meet their climate objectives earlier than expected. (European 

Commission, 2022c; European Union, 2022) 

The recent rise in carbon emissions, the need to comply with the Paris Agreement accords, and 

the escalation of international political tensions have all stressed the need for increased energy 

self-sufficiency and security, greater implementation of renewables in the electrical grids, reduced 

electricity prices, and further decarbonisation. The shortage of fossil fuels and the subsequent 

increase in electricity prices has been more noticeable in islanded grids (both for those isolated 

within larger systems or for geographical islands) which are highly dependent on fossil fuels. This 

report will use the island of Fuerteventura in Spain (which is highly dependent on fossil fuels) as 

a case study for the decentralisation of grids through the use of microgrids, distributed generation, 

Hybrid Renewable Energy Systems (HRES), and the implementation of blockchain technology. 

The aim is to investigate how these methods can mitigate the issues faced by islanded 

communities in the energy sector, while increasing energy self-sufficiency and security, phasing 

out fossil fuels and reducing electricity prices. The study also investigates the possibility of using 

smaller wind turbines to meet electricity demands in an area where space availability is limited, 

despite the current trend for large wind farms with concentrated turbines. 

This study will aim to answer the following main research question: 

- Can a community that depends heavily on fossil fuels become 100% renewable through 

the use of distributed generation? 

Furthermore, the study will also aim to answer the following sub-questions: 
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- How will the role of Transmission System Operator (TSO’s) and Distribution System 

Operator (DSO’s) be affected by this new system?  

- Is a decentralised system feasible and reliable to ensure a supply for all electricity 

demands? 

- Can decentralised grid systems replace current centralised systems for energy generation? 

- What is the role of consumers in the decentralisation of the systems? 

In order to investigate these questions, the report will provide an overview of the different 

technologies under development to increase grid flexibility and renewable penetration in Chapter 

2. Chapter 3 will delineate the methodology used for the subsequent research. The application of 

the methodology is presented in Chapter 4 and the results are discussed in Chapter 5. Lastly, the 

conclusions are outlined in Chapter 6 along with the limitations of the study and the future 

research proposals to complement the findings of this research.  
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2 Literature Review 
Due to increasing popular concerns over climate change, a growing urgency and demand to 

decarbonise most industries, and important technological advancements, Renewable Energies 

(REs) have become one of the most researched topics in the last decade. However, electrical grids 

still have a low renewable penetration as a result of the unpredictable and intermittent nature of 

RE due to their reliance on weather conditions. This intermittency results in a non-uniform power 

output which can lead to issues in grid stability and a lack of grid flexibility among other 

problems. 

Many solutions to these issues have been proposed with the aim of increasing RE penetration in 

grids. Research has mainly focused on the implementation of HRES, the use of energy storage 

solutions such as Battery Energy Storage (BES), Pumped Hydro Energy Storage (PHES), or 

Thermal Energy Storage (TES), use of hydrogen production via electrolysers, Fuel Cells (FC), 

and Demand Side Management (DSM), among many others. 

Furthermore, electrical grids in islands are more vulnerable to the problems caused by high 

penetration of renewables in the grid. Islands typically have off-grid systems, which rely on fossil 

fuels to meet their energy demands. Fossil fuels provide a constant energy supply to the grid that 

can be modified to meet the peaks and valleys in demand, resulting in weak centralised grids with 

low flexibility. These grids not only complicate the installation of a large penetration of 

renewables, but also offer high electricity prices to consumers due to their high dependency on 

fossil fuels. Decentralisation has been recently studied as a solution to help decarbonisation and 

to reinforce island electrical grids. Moreover, and as a result of its potential and multiple benefits, 

blockchain is already being applied in the electricity sector for energy trading. Its working 

principle and applications are explained later on in section 2.5. 

The literature will therefore focus on reviewing the state-of-the-art in HRES, the different 

technologies and systems used to increase RE penetration such as BES, or DSM, microgrids and 

decentralised systems, and the uses of blockchain in the energy sector.  

2.1 Hybrid Renewable Energy Systems (HRES) in Island Communities 

HRES have been implemented in many locations to reduce intermittency and unstable production 

of single RE sources and increase renewable penetration. Research papers and projects have 

studied many possible different combinations of RE from solar-diesel to wind-wave and batteries. 

Furthermore, these studies have analysed HRES for different motives, from powering single 

desalination plants to producing 100% of the energy demand for an island. Additionally, 

researchers have also investigated the use of HRES to increase grid flexibility and reliability.  
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2.1.1 Global Case Studies 

There are two main approaches to the implementation of HRES: those relying 100% on renewable 

sources, and those which use fossil fuels such as diesel generators, to balance the system. The 

latter was initially preferred in early assessments when the Levelized cost of electricity (LCOE) 

of renewables was still high, but it is still an option for communities with limited renewable 

resources or weak electrical grids. 

Many studies have been done globally to analyse the feasibility of a HRES with diesel generators 

to limit the effect of intermittency and achieve feasibility of the system. Lal and Raturi (2012), 

analysed the implementation of a HRES in the Fiji Islands to meet the electrical demand and 

deemed an entirely renewable system feasible, but would require a 10% capacity shortage. 

Alternatively, without the capacity shortage, the wind-Photovoltaic (PV)-BES-Diesel Generator 

(DG) system offered the most feasible solution. Moreover, both Uwineza, Kim and Kim (2021), 

and Islam et al. (2012), analyse the possibility of implementing wind-PV-BES-DG systems in 

Popova Island and St. Martin Island respectively. Both studies conclude that the system was 

economically feasible, with the diesel generators providing a lower Cost of Electricity (COE) to 

the system 

Furthermore, Gioutsos et al. (2018), perform a global study evaluating the implementation of 

HRES in 6 different islands across the globe. The study showed that for a wind penetration 

ranging from 40-70%, the cost optimal solution would be wind-DG systems. However, they 

specify that if battery prices were reduced by 50%, they would be the best solution. Similarly, 

Henderson, Manwell, and McGowan (2009), explore the implementation of a wind-DG system 

with a desalination unit and water storage tank to meet the demand of Star Island, while 

Katsaprakakis et al. (2009) analyse the implementation of a wind-PV-DG system to meet the 

demand of Dia Island and explore the use of a desalination unit to act as energy storage. Both 

studies show the economic feasibility of the systems. 

Even though HRES with DG reduce carbon emissions when compared to 100% fossil fuel 

systems, with the current technology advancements, recent decarbonisation regulations, and fossil 

fuel prices, these systems are becoming less feasible and 100% HRES are becoming the norm in 

the field. 

From the review of the literature, a wide variety of HRES made up of various different RE and 

storage devices have been analysed across the globe, showing how the correct combination of RE 

technologies can ensure production in a wide range of environments and climate conditions.  

Firstly, one of the most analysed HRES is the wind-PV-BES system. This system has been widely 

reviewed due to technological readiness of the different components used. Ma and Javed (2019) 

analyse the implementation of the wind-PV-BES system to meet the demand of the island of 



6 

 

Jiuduansha, near Shanghai. The authors analyse different configurations of the system by 

changing the saturation of the wind and solar sources from 100% wind to 100% solar, with all the 

steps in between. The report concludes that a 90% wind saturation system is the cost-optimal 

solution, and that 100% wind offers greater reliability than 100% solar. Moreover, Baek, Kim and 

Chang (2015), explore the use of the system to meet the increasing electrical demand in 

Yeongjong Island (South Korea) as a result of mega resort clusters. They concluded that this 

system would be able to meet the demand of 300,000 kWh/year and is technologically, 

economically, and socially feasible.  

Studies have also been conducted in Europe regarding the wind-PV-BES system, with special 

focus on the Mediterranean Islands. Thomas, Deblecker and Ioakimidis (2016), explored the 

possibility of meeting the demand of the Agios Efstratios Island using hybrid systems. The island 

has a changing energy demand due to large tourism activities during summer. The authors 

explored three scenarios, two of which included diesel generators and showed lower LCOE but 

increased emissions. The last scenario was a wind-PV-BES system capable of meeting the 

demand but was not deemed economically feasible due to the large capacity of the technological 

installations involved. Furthermore, Calise et al. (2021), analyse the implementation of the system 

in the island of Sardinia investigating three different scenarios, Business as Usual (BAU) and high 

renewable scenarios. The latter scenarios proved that carbon neutrality can be achieved by 2050 

using this system. Lastly, Diaf, Belhamel, Haddadi and Louche (2008), prove that the installation 

of this system in Corsica is feasible and can meet the entirety of the demand. 

Moreover, instead of using BES to provide security of supply and ensure the demand is met 

around the clock, some studies have analysed the use of electrolysers and FC along with wind and 

PV systems on different islands. First, Kalinci (2015), investigates the performance and operation 

of six different RE and HRES under grid and standalone scenarios. The author concludes that a 

wind-PV-FC system with electrolyser and hydrogen tank was the cost optimum design in 

standalone scenarios and was able to meet 100% of the demand. Similarly, Hoseinzadeh and 

Astiaso Garcia (2022), focus on using wind power, PV, electrolysers, and FC to meet the 2MW 

demand from Catania city. The system uses the wind and PV for the energy production and uses 

the electrolyser, hydrogen tank and FC to adjust the production capacity and achieve constant 

production around the clock.  

Similar to the above HRES, Andaloro et al. (2012), investigate the use of wind-PV systems to 

assess how they can contribute to the overall electrical system. They use the island of Salina for 

their study and analyse the energy production over a full year with special attention to the months 

between June-September when tourism is at its peak. The authors conclude that the use of PV 
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will help during the summer months to meet the higher demand while wind will be the primary 

source of energy during the winter, reducing the resident’s dependence on fossil fuels. 

Furthermore, Contestabile et al. (2017) analyse the implementation of an offshore wind-wave 

HRES to promote environmental quality and socioeconomic growth in the Malè and Magoodhoo 

Islands in the Maldives. Throughout the report both resources are analysed, and it is shown that 

wave energy can be used to meet small demands, but larger demands required installation of large 

offshore wind farms or wind-wave HRES. Moreover, the authors conclude that to increase energy 

diversification and improve the grid quality the wind-wave HRES should be combined with solar 

and biomass. 

Moreover, Lund (2006) explores the possibility of implementing a wind-wave-PV system in 

Denmark to resolve the issue of variability of energy production from renewable sources.  The 

author concludes that it is possible for this combination to meet the entirety of the Danish 

electrical demand, with the optimal mix consisting of 50% wind and the remaining wave-PV in 

varying amounts from 40-10% to 20-30% respectively, depending on the expected demand. 

However, it is stated that for the system to operate adequately ancillary services such as BES or 

Vehicle-to-grid (V2G) systems would be required. 

Similarly, Yue, Chen, and Lee (2016), assess the possibility of providing 100% of the electricity 

on Wang-an Island (Taiwan) using a wind-wave-PV HRES. Throughout the study they show how 

the renewable energy potential of the island vastly outproduces the actual demand. Nevertheless, 

due to mismatches between demand and supply, the installed capacity is currently incapable of 

covering 100% of the demand. Therefore, the authors suggest implementing BES in the system 

to compensate for these mismatches. 

Lastly, Groppi et al. (2018), compare the economic and environmental sustainability indicators 

of HRES comprised of PV arrays, BES, and Hydrogen Energy Storage (HES) to increase REs 

penetration. In their study based on the Favignana Island, they conclude that both wind and PV 

HRES can be used to meet the expected demand on the island. Furthermore, it was found that the 

use of BES and an electrolyser was the best solution to manage the excess electricity. 

2.1.2 Canary Island Case Studies 

As has been discussed previously, many HRES case studies have been conducted worldwide, 

however, several other studies have been identified with focus on the Canary Islands. These 

islands stand out to the energy community due to their excellent renewable energy resources, high 

dependence on fossil fuels, its water scarcity on eastern islands, and their lack of interconnection 

to the mainland among other factors. Thanks to these conditions, numerous studies have 

considered the implementation of HRES in the archipelago.  
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Firstly, due to the favourable geography and excellent RE resources of the islands, several studies 

have focused on the implementation of wind-powered PHES to increase the penetration of 

renewables. Bueno and Carta (2006) investigated the possibility of installing a wind-powered 

PHES facility in Gran Canaria (Spain) using two of the largest water reservoirs on the island, 

namely Chira and Soria, to increase the renewable penetration in the grid. The system uses excess 

wind energy generated to pump water from the lower reservoir to the highest one as energy 

storage. The study concluded that the renewable penetration could significantly be increased with 

the project. Moreover, Padrón, Medina and Rodríguez (2011), apply a dynamic model on the 

previous project to analyse the benefits and hindrances of the system. After their analyses they 

conclude that renewable penetration on the island could increase to 45%, the grid stability would 

be improved, and showed that in case of disturbance the plant can act to balance the grid. This 

project was developed in 2006, and has recently begun construction in Gran Canaria, named 

Chira-Soria after the reservoirs it will be using. The project aims to reach a renewable penetration 

between 51-70% in Gran Canaria and increase the water availability during summer to further 

develop the agricultural sector (Salto de Chira, 2022; Salto de Chira pumped-storage hydropower 

plant | Red Eléctrica de España, 2022). 

Similar to the above project, Portero, Velázquez, and Carta (2015), proposed the installation of a 

reversible wind-hydro hybrid system in La Aldea (Municipality in the Northwest of Gran Canaria) 

to increase energy security in that side of the island. The system proposes building the upper 

reservoir on a cliff and using the ocean as the lower reservoir. A desalination unit is used to 

provide a freshwater supply, and a wind farm installed as the main electricity generator. The 

authors conclude that due to the incorporation of hydro storage the system is able to meet 29% 

more of the demand of La Aldea than with a wind-only system. 

 

Figure 1 - Diagram representing operation of wind-powered hydro storage station in La Aldea (Gran Canaria), 

Portero, Velázquez, and Carta (2015) 
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Moreover, Barone et al. (2012) applied a novel dynamic simulation model to increase the 

renewable energy penetration in El Hierro (Canary Islands, Spain). The authors analysed the use 

of wind, hydro, and solar under different scenarios. The report concludes that the use of a wind-

powered PHES system offered the best results increasing the penetration of renewables up to 

84%. Furthermore, the system used solar thermal collectors to provide hot water for domestic use. 

Lastly, they state that PV can be used to meet an increase in demand successfully. Moreover, in 

El Hierro, a wind-powered PHES facility already exists. The Gorona del Viento facility has been 

in operation since 2015 and provides 100% of the electricity for the island from renewables. 

(Wind-Pumped Hydro - Gorona del Viento El Hierro, S.A., 2022). 

Regarding wave and wind HRES, Veigas and Iglesias (2013, 2014), investigate the potential of 

this system to reduce the carbon footprint of Tenerife and Fuerteventura in two separate studies. 

The authors first analysed the energy potential of each of the resources and then looked for the 

best location for its implementation. They conclude that this wind-wave system can help reduce 

the carbon footprint on the islands, but it is not enough to meet 100% of the demand on either 

island (Veigas and Iglesias, 2013; Veigas, Carballo and Iglesias, 2014). 

Lastly, some authors have focused on the use of HRES to meet the demand of desalination units 

in the Canary Islands in order to increase the renewable penetration and decarbonise the water 

sector. Dallavalle et al. (2021), analyse the potential of implementing a wave-solar system to meet 

the demand of a large desalination unit in Tenerife. The authors state that unlocking the potential 

of marine resources such as offshore wind, wave, and even offshore solar, is key for the renewable 

transition in island systems. Overall, the study concludes that the system will be capable of 

meeting most of the demand but would require a gas turbine to fill in energy gaps in the peaks 

and valleys. Likewise, Padrón, Ávila, Marichal, and Rodríguez (2019), investigate the installation 

of a series of different HRES to meet the energy requirements of desalination plants in Lanzarote 

and Fuerteventura. After the analysis of many systems such as PV-DG-BES, PV-wind-DG-BES, 

or wind-BES, they concluded that the most cost optimal system was the wind-PV-DG one. 

Furthermore, all systems were capable of meeting the demand and the wind-BES system showed 

100% renewable generation was possible. 

2.1.3 Barriers for Implementation of HRES on Islands 

Despite the many projects such as the REACT2020, the ISLANDER Project, or the Clean Energy 

for EU Islands project that are conducted by the EU (European Union), the many incentives, or 

the numerous studies being performed on the implementation of HRES globally, their actual 

installation on many islands still faces a wide variety of issues (REACT 2020, 2022; Home - 

ISLANDER Project, 2022; Clean Energy for EU Islands - Energy, 2022).  
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Both Andaloro et al. (2012), and Blechinger et al. (2016), have assessed the implementation of 

HRES in islands in their studies, and have provided some insights into the main barriers that these 

projects face globally. 

As mentioned previously, Andaloro et al. (2012) discussed the implementation of HRES in Salina 

Island, however, they also highlighted some barriers that the implementation of the system would 

encounter. The first issue raised is that EU policies aimed at achieving energy independence of 

islands may be hindered at a local level by a series of different tools and regulations. This is the 

case in the Canaries too, in which offshore wind is not currently allowed because there is no 

regulation in place to manage and approve their installation. The other main issue raised in the 

report is current energy consumption culture. The authors discuss how the current culture of 

indiscriminate use of energy for our well-being needs to be replaced by a new one in which 

individuals are made aware of their energy consumption and try to maximise the energy efficiency 

of their homes.  

Moreover, Blechinger et al. (2016) prove the enormous techno-economic potential of the islands 

across the globe and focus on the main barriers that the installation of REs faces. The four main 

barriers identified for small islands are technological, economic, social, and political. Out of these, 

political barriers have the highest importance. Andaloro et al., (2012) similarly concluded that the 

lack of regulatory frameworks and policies is one of the main barriers, as it can have a negative 

effect on private investors or Power Purchase Agreements (PPAs) among others. 

Another barrier identified are the costs and financing. The high initial costs of the projects 

(magnified by the diseconomies of scale), lack of incentives or subsidies for the renewable 

energies, lack of private capital, or the lack of access to low-cost capital, increases the difficulty 

of the installation of HRES in islands among other factors (Blechinger et al., 2016).  

The last barrier identified by Blechinger et al. (2016) is the influence of conventional power 

suppliers. This barrier refers to the current monopoly utilities have on production, transmission, 

and distribution, or the strong fossil fuel lobbies, which create barriers against the large-scale 

implementation of HRES, hindering even more their development and installation. 

Furthermore, these barriers are also experienced in the Canary Islands, with political, regulatory, 

and social barriers being the greatest.  

Currently, in the archipelago, there are mixed opinions regarding the social acceptance of 

renewables. A significant part of society feels positive about renewables and believe the energy 

transition should be performed using wind or solar over gas or other more traditional technologies 

(Marrero, Hernández-Cabrera, Fumero and Hernández, 2021). However, a large part of this same 

group would not want a wind turbine or solar farm near their home which limits the developers 
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options and increases opposition towards renewables in the islands (Marrero, Hernández-Cabrera, 

Fumero and Hernández, 2021). Moreover, there is also a large part of society in the Canary Islands 

which has a negative perception on renewables in the archipelago. This could be due to some 

malpractice and corruption cases during the early 2000’s and even today regarding wind energy 

in the islands (Hernández, 2022). 

Lastly, another major issue in the Canary Islands regarding wind is the visual impact of the 

turbines. One of the main economic activities in the islands is tourism. Tourists come to the 

islands to enjoy the weather, the beaches, and the landscape, therefore, it is feared that the large 

visual impacts of turbines can drastically affect these landscapes and reduce tourism (Quesada, 

2021b). This has been made clear by parts of society and the government, in which both aim to 

reduce the number of new installed turbines on land and locate offshore turbines as far as possible 

from the shore, even if wind conditions are not favourable and projects are technologically 

unfeasible in some areas recommended (Hernández, 2022; Quesada, 2021a; Quesada, 2021b; 

Quesada, 2021c; Quesada, 2021d).  

2.2 Renewable Energies in the Canary Islands 
The Canary Islands are located in the Atlantic Ocean off the western coast of Africa around 100 

km away from the Sahara Desert. The islands are characterised for having one of the most stable 

weather conditions worldwide with constant temperatures and winds year-round. This means the 

islands host excellent renewable resources and thus attract the interest of researchers, companies, 

and governmental bodies interested in installing renewable systems on the archipelago.    

 

Figure 2 - Map of the Canary Islands (Mesa, 2020; Google Maps, 2022) 
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The islands are hosts to a wide variety of renewable resources such as: 

• Geothermal, due to their volcanic origin showcased in the recent volcanic eruption on 

La Palma. 

• Hydro, due to steep valleys allowing for the construction of dams for hydro storage.  

• Wave, because of their location on the Atlantic Ocean. 

• Wind, which is particularly high due to the presence of NNE trade winds in the 

archipelago. 

• Solar, which is also high due to the island’s proximity to the tropics. 

Among these, wind and solar are considered to be the main resources due to their huge potential 

(as shown in Figure 3 and Figure 4), their large availability year-round, and their ease of 

installation. These factors have made them the most used renewable systems in the archipelago 

(Gobierno de Canarias, 2022). 

 

Figure 3 - Wind resource of the Canary Islands at 80 metres (IDECanarias visor 4.5.1, n.d.) 

 

Figure 4 - Solar resource in the Canary Islands (IDECanarias visor 4.5.1, n.d.) 

The wind resource is high across all islands as shown in Figure 3, this is backed by the Global 

Wind Atlas (2022) which calculates an average wind speed of 9.01 m/s at a height of 50 metres 

above sea level across the entire archipelago and highlights the presence of wind speeds above 11 

m/s in some locations. These high wind speeds are due to the presence of NNE trade winds. 

Furthermore, Schallenberg-Rodríguez and García Montesdeoca, (2018), analysed the offshore 

wind potential in the Canary Islands using GIS. During their study they take into consideration 
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all protected areas in the archipelago in which wind energy installation is not allowed such as, 

Natura 2000 areas, marine reserves, fishing grounds, or military exclusion grounds. Moreover, 

they also consider the bathymetry of the ocean floor setting the maximum depth for installation 

at 500 metres and setting a minimum operation wind speed of 6-6.5 m/s for all locations selected.  

In the results section, the authors showed that a total of 12.4% of the Canarian marine territory 

(3950 km2) fitted within the above constraints. Additionally, they estimate that using all this area 

for the installation of offshore wind, a production of 195,000 GWh/year could be achieved, which 

comfortably meets the annual energy demand of the islands of 9,000 GWh/year, showcasing the 

large wind potential present on the islands. (Schallenberg-Rodríguez and García Montesdeoca, 

2018) 

Moreover, regarding solar energy, an annual potential of up to 8,500 Wh/m2 is found with a 

possible annual production of up to 2,500 kWh/kWp (IDECanarias visor 4.5.1, n.d.). This 

showcases the high solar resource available on the islands.  

In 2020, according to Gobierno de Canarias (2022), a total of 650 MW of renewable energy 

capacity were installed in the Canary Islands, 457 MW of which corresponded to wind, 168 MW 

corresponded to solar energy, and the remaining 25 MW corresponded to hydro and biofuel 

plants. This renewable installed capacity represents just 19.5% of the total installed capacity in 

the Canary Islands, which is mainly dependent on fossil fuels. Moreover, this 19.5% installed 

capacity of REs supplies just 17% of the annual energy demand to the islands while the remaining 

83% is met in its entirety using fossil fuels. This poor installation and performance of renewables 

in the islands is also due to the weak electrical grids in which a maximum of 30% renewable 

penetration is currently possible; limiting both the installation and participation of renewable 

sources in the grid (Suárez 2021). 

Despite the dire situation regarding renewable installation in the Canaries, the regional 

government has set various objectives to improve the situation. In their Regional Energy Strategy 

report (Gobierno de Canarias, 2017), the islands set as an objective to meet 45% of the energy 

demand using renewable sources by 2025. Currently, with three years to the deadline and 

renewable generation at 17% the objective is not close to being met. However, recently the 

Spanish Government has designated €467 million to the Canarian Government in an effort to 

modify the energy system in the islands into a new one based on increased efficiency, increased 

use of renewables, and sustainable development along with the introduction of new technologies 

such as green hydrogen or BES systems into the grid (La Moncloa, 2022). All this to be done 

within the next four years. 

Furthermore, numerous companies have presented renewable projects in the Canary Islands for 

the installation of hydro facilities, or offshore wind farms. One of the most ambitious projects is 
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the Chira-Soria wind-powered PHES facility which has recently begun construction in Gran 

Canaria. The project is expected to increase renewable penetration in the island up to 70% 

allowing for a larger implementation of renewables in the island. This project pairs perfectly with 

the numerous offshore wind farm proposals occurring in Gran Canaria at the moment too, in 

which companies such as Equinor, Iberdrola, Greenalia, or Bluefloat Energy have proposed up to 

7 different offshore wind farms with a combined capacity exceeding 1 GW (Cruz, 2022).  

Overall, the archipelago is currently behind schedule regarding the implementation of renewables 

and reduction of GHG emissions, but with recent projects and funds the proposed plans for the 

future may be achieved in time. 

2.3 Methods to Increase Renewable Penetration 
Even though HRES already address the issue of increasing penetration of renewables into the 

system, many studies have investigated other alternatives which - when paired with HRES - offer 

increased renewable penetration, provide increased grid stability, peak shaving, or demand side 

management among many other benefits. 

2.3.1  Energy Storage Systems (ESS) 

One of the most commonly used solutions are those of energy storage. These consist in 

transforming the produced renewable energy (typically only excess energy) into chemical, 

mechanical, or electromagnetic energy for its storage. Once stored, the energy can later be fed 

into the grid when the renewable generation drops and does not meet the expected demand. 

Therefore, ESS can give the renewable system the energy buffer required in order to increase 

renewable penetration and phase-out the use of fossil fuels in the grid (Kuang et al., 2016).  

Within the ESSs, many different technologies exist, of which PHES, Compressed air energy 

storage (CAES), Flywheel energy storage (FES), BES, or HES are among the many that have 

been used on island energy systems. Kuang et al., (2016) analyses the different factors considered 

to determine which system is most appropriate for an island, including storage capacity, location 

of the ESS, or the geographical condition of the island. The main systems most commonly used 

are BES, PHES, and HES.  

BES are the most widely used storage systems in islands. This is due to their technological 

maturity and the wide variety of different options available such as Li-ion batteries, lead-acid 

batteries, or NaS (sodium-sulphur) batteries. Out of these, Kuang et al. (2016) highlights that 

typically lead-acid batteries are used for small systems (<10MW), while Li-ion batteries are used 

for larger systems (>10MW) due to their favourable characteristics. Moreover, BES have another 

major advantage, which is their capability to provide ancillary services to the grid rather than just 

ensuring a constant demand from a HRES to the grid. These typically refer to services which are 
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necessary to support the transmission of electricity from the generation points to the consumers, 

and consist of frequency control, voltage control, or operating reserves.  

Many studies have been done in which BES are applied in HRES to solve some of the many issues 

that can arise from using these systems in island grids. Ma and Javed (2019), use BES in their 

study to reduce the LCOE of the system while increasing the energy security of the HRES. 

Similarly, Baek, Kim and Chang (2015), incorporate batteries in their study as a way to balance 

the grid and ensure the demand at Yeongjong Island was met consistently. Furthermore, Calise et 

al. (2021) and Diaf, Belhamel, Haddadi, and Louche (2008) use the BES in their studies to make 

sure their HRES are capable of meeting 100% of the demand and prove that 100% RE systems 

are feasible.  

PHES systems are also extensively used in combination with HRES in island systems. However, 

applications of this technology are more limited due to the need of an ideal geographical location 

for its installation, and a big enough project to justify its need. These projects require two usually 

large water reservoirs and millions in investments unlike BES which can be financed at smaller 

costs and do not need large areas for their installation. PHES projects are typically seen in volcanic 

islands where large valleys provide perfect locations for the installation of the system, although 

smaller PHES can also be used with water tanks. These systems, similar to BES can provide 

ancillary services, energy storage, peak shaving, or frequency modulation. Yet they are also 

capable of providing spinning reserves for the electrical grid.  

In order to reduce the costs of HRES Thomas, Deblecker and Ioakimidis (2016), propose the use 

of a PHES instead of a BES. Furthermore, Bueno and Carta (2006), Portero, Velázquez, and Carta 

(2015), Barone et al., (2021), and Gorona del Viento (2022), all propose the use of PHES systems 

in the Canary Islands to increase the renewable penetration of the systems, or in order to meet 

100% of the demand in the case of Barone et al., (2021) and Gorona del Viento.  

Regarding these topics, Groppi et al., (2021), have performed a detailed literature review in which 

they discuss the use of PHES and BES technologies in different studies conducted worldwide 

both in isolated systems and in HRES with other renewable technologies. 

HES are also commonly installed along different HRES to reduce intermittency of the supply and 

increase energy security. Furthermore, as HES are usually installed with an electrolyser, FC, and 

storage tanks, they are also one of the main technologies being used to decarbonise the transport 

and energy sectors. Lastly, due to the conflict in Ukraine and the EU sanctions imposed on 

Russian fossil fuels, the European Commission has announced they will phase out Russian fossil 

fuels by 2027 and aim to increase the participation of hydrogen in the system by reaching previous 

objectives for 2050 by 2030, although further documentation on the topic will be released in May 
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2022 (European Commission, 2022; Leyts and Piperidis, 2022). This could mean that hydrogen 

might become one of Europe´s main energy sources in the near future. 

Similar to the previous technologies, several studies have analysed the use of hydrogen in HRES. 

Kalinci (2015), and Hoseinzadeh and Astiaso Garcia (2022), analysed HRES with electrolysers 

and fuel cells in Bozcaada (Turkey) and Catania (Italy) respectively to meet 100% of the demand 

for the respective cities. In both reports, the hydrogen facilities helped keep balance in the system 

and increased the systems’ efficiency. Furthermore, Groppi et al. (2018) combine the use of BES, 

HES, and solar to decarbonise the island of Favignana. With the help of hydrogen and the 

introduction of FC Electric Vehicles (FCEV) and Hydrogen Compressed Natural Gas (HCNG) 

they could decarbonise the transportation sector. Lastly, Krajačić et al. (2008) investigate the use 

of hydrogen as an energy vector in the islands of Mljet, Porto Santo, Madeira, and Malta. The 

report concludes that using a HRES and hydrogen the electrical demand and hydrogen demand 

of the transport sector could be met and therefore decarbonised.  

Apart from the three main ESS technologies used, several studies have studied the possibility of 

using TES and CAES. Sánchez Ramos et al. (2019), proposed the implementation of a HRES 

consisting of PV-TES to exploit synergies between the buildings in the island, maximise 

efficiency of the system, and achieve self-sufficiency of the consumers. The TES played a major 

role in the system balancing the load and providing grid stability. Furthermore, Marczinkowski 

and Østergaard (2019), compare the usage of BES and TES on the islands of Samsø (Denmark) 

and Orkney (Scotland). They analyse the use of these systems to increase energy independence 

and security of supply. Ultimately, they conclude that while the use of BES is limited to the 

electricity sector, using TES provides advantages in the electricity, heating, and transport sectors, 

making it a more complete solution to address decarbonisation in multiple sectors simultaneously.  

CAES consists of using low-cost electricity to store compressed air in an underground cavern, the 

air is then heated and expanded into a gas turbine to produce electricity and meet the required 

demand. Lund and Salgi (2009) analyse the role of CAES in sustainable energy systems and 

assess the value of integrating this type of storage into a renewable system. The authors have used 

Denmark as a case study to analyse the technology´s potential. However, during the systems’ 

economic analysis they conclude that CAES cannot solve the issues of excess energy generation 

and that other alternatives offer more attractive solutions. Moreover, in a similar study conducted 

by Salgi and Lund (2008), in which they analyse a HRES consisting of wind-CAES, a similar 

conclusion is reached. In this study it is calculated that a total capacity of 500GWh in CAES is 

required to eliminate fossil fuels from the energy mix in Denmark, which corresponds to a storage 

size which is both economically and technically unfeasible. 
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Nonetheless, in recent studies, a different conclusion has been reached by several researchers. 

Firstly, in their study performed on the Agios Efstratios Island, Thomas, Deblecker and 

Ioakimidis (2016), propose the use of CAES to replace the BES that were being analysed in order 

to reduce the systems costs. This shows that alternative solutions can be reliable and perform a 

similar function to BES at a lower cost. Although the higher cost of BES is highly specific to each 

location and case study. Rahmanifard and Plaksina (2019), analyse the use of wind and 

geothermal energy along with CAES to reduce fossil fuels dependency in Alberta, Canada. Due 

to wind intermittency and high financial costs of geothermal, the CAES system is added to 

overcome these issues while bringing overall costs down. In the report they analyse many 

scenarios including CAES, wind-CAES, CAES-geothermal, or wind-CAES-geothermal. 

Following their calculations, the authors conclude that the wind-CAES-geothermal HRES is 

capable of providing a constant electrical supply while making the system economically feasible. 

Lastly, Tiano and Rizzo (2021), explore the installation of an Underwater CAES (UWCAES) 

system. In this case, differently from standard CAES, the compressed air is stored underwater 

rather than underground. In doing so, the system takes advantage of the high pressures in the sea 

or the ocean as depth increases, therefore bypassing the need for machinery and deep caves to 

keep the air pressurised. These types of systems are usually preferred over CAES systems in 

islands or places in which deep caverns on underground storage facilities cannot be used. In the 

study the authors explore the installation of a wind-solar-UWCAES system in Sicily to meet the 

region´s electricity demand, with the aim of reducing the carbon emissions from this sector. To 

meet the large demand of the region, the system is comprised of 15 GW of installed renewable 

capacity (equally divided between solar and wind) and UWCAES located 5km from the coast at 

400 m deep. The storage in the system has the same function as a BES – providing stability to the 

system and storing excess energy being produced. The authors conclude that the system can 

successfully and reliably provide 100% of the electricity of the region.  

2.3.2 Microgrids 

There is no consensus on the standard definition of a microgrid. Several authors agree that they 

are typically small-scale localised energy systems comprised of distributed energy generators, 

such as micro-wind turbines, or small PV, and are operated along with energy management, 

control and protection devices, and necessary software (Ustun, Ozansoy and Zayegh, 2011; 

Kuang et al., 2016; Montoya et al., 2013; Zamora and Srivastava, 2010) Furthermore, microgrids 

have the ability to operate in grid connected or standalone modes, allowing it to disconnect from 

the grid whenever it is necessary. Nevertheless, Soshinskaya, Crijns-Graus, Guerrero and 

Vasquez (2014), disagree with the small-scale statement and argue that microgrids are defined by 

their function and not their size, therefore allowing any system with the above requisites to be 

considered a microgrid. 
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Moreover, within this topic, a distinction needs to be made between microgrids and distributed 

generation. Even though they relate to each other, they are distinct concepts. Distributed 

generation is the opposite of centralised generation; therefore, in order to meet the grid demand 

without having to use two or more main fossil fuel generators, several different technologies such 

as PV, wind, hydro or geothermal are installed to make use of the dispersed energy resources. 

Distributed generation over large geographical areas is used to reduce intermittency as it has 

several different energy sources which usually complement each other. This technology is 

commonly used to provide the energy demand within a microgrid system. (Kuang et al., 2016).  

Microgrids are a combination of many different devices, but their main objective is to guarantee 

a constant power supply despite the changes that might occur within the system. This is achieved 

through the use of control mechanisms which balance the use of the ESS, the distributed 

renewable generation sources, and grid electricity, in order to maintain a constant supply capable 

of meeting the demand (Ustun, Ozansoy and Zayegh, 2011). By doing so, microgrids are capable 

of mitigating the variability of the renewables and hence increase the participation in the grid. 

Furthermore, in their report, Cagnano, De Tuglie, and Mancarella (2020) provide many insights 

into microgrid technology, discussing the different architectures and topologies of microgrids, 

while also providing further details about the operation and control of microgrid systems. They 

describe the different operation modes such as islanded state, alert state, emergency state, on-grid 

operation, or the transition from on-grid to off-grid state. Lastly, Soshinskaya, Crijns-Graus, 

Guerrero and Vasquez (2014), provide a summary of the main barriers that microgrid 

implementation faces, with technical, regulatory, financial, and stakeholder barriers standing out 

the most.  

Several studies and projects have aimed at analysing and better understanding how microgrids 

work and how they can be implemented into larger systems. Firstly, between 1998 and 2002, the 

EU conducted the EU Microgrids Project. The project had several objectives, the main ones were 

to study the operation of microgrids to increase the penetration of renewables and developing 

strategies for different issues such as control algorithms or protection schemes. The project 

developed successfully and managed to set the basis for microgrid technology, as it was able to 

develop grounding and protection schemes or islanded and interconnect operation schemes 

among other discoveries and findings (Ustun, Ozansoy and Zayegh, 2011). Another relevant EU 

project was the EU More Microgrids Project, which had newer and more specific objectives to 

cover (More Microgrids | JRC Smart Electricity Systems and Interoperability, 2022). In this 

project, the integration of microgrids was assessed and several systems were installed. The main 

ones were the Kythnos Island microgrid in Greece (Kythnos Microgrid, 2022), the Continuon’s 

system in the Netherlands, and the Mannheim-Wallstadt microgrid in Germany (MVV 
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Mannheim-Wallstadt Microgrid, 2022). All aimed to meet the demand of a reduced population 

via the use of renewable sources and microgrids system. The installed microgrids were able to 

successfully meet the energy demands of their communities, proving that these systems could be 

implemented in the future to ensure energy production in areas with limited access to electricity 

or with weak electrical grids (Hatziargyriou, Asano, Iravani, and Marnay, 2007).  

Lastly, Kovačević Markov and Rajaković (2019), perform a feasibility study on a microgrid using 

renewables to provide electricity to an ecotourism resort. They focus on this study as these resorts 

have specific hourly demands in terms of heating, electricity, and transport. Throughout the 

report, the authors conclude the microgrid can meet the expected demand, but it is too expensive, 

therefore, they analyse the system and the different possible configurations which could be used 

to reduce its costs. After the analysis, the report concludes that running an isolated grid results in 

a very costly operation and that a connection line to the grid would reduce total costs by up to 

43%, with further benefits experienced if connected to the power market. However, this option is 

stated to be only feasible if the system is at a medium distance from the grid and cable costs are 

not too elevated. This proves that installation of standalone microgrids is not always successful, 

and systems need to be properly analysed to ensure the system is feasible both technically and 

economically.  

2.3.3 Demand Side Management (DSM) 

DSM consists in shifting the peaks in energy demand to match the peaks in energy production. 

This involves encouraging end-users to use electricity when it is available, rather than when they 

might need it, with the intention of aiding peak-shaving and filling the valleys in the demand. 

This is currently being done with utilities offering lower electricity prices to consumers during 

peak production hours or off-peak demand hours (time-of-use tariffs). Therefore, the utilities 

expect a shift in consumption that provides greater balance to the grid. Moreover, with the use of 

advanced communication and information infrastructures and technologies, responsive DSM can 

be used to coordinate the residential energy consumption with the renewable energy production 

automatically (Kuang et al., 2016). By adjusting the consumption of the end-users, the renewable 

penetration of the grid can be drastically increased. This was proved in a study performed in 

Sweden in which the implementation of time-of-use tariffs shifted 17% of the peak demand into 

off-peak hours allowing for increased renewable penetration in the grid (IRENA, 2019). 

2.3.4 Technologies used to Provide DSM 

Within the DSM field, other technologies can be used to increase the penetration of renewables 

and reduce the effect of intermittency from variable RES into the grid.  

Firstly, V2G technology is the use of EV to provide DSM. This technology uses the batteries of 

the vehicles to provide ancillary services, by encouraging charging during valley hours to flatten 
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the demand curve, and by connecting the EV to the grid during peak hours to discharge them and 

provide extra supply into the grid to meet the demand (Colmenar-Santos, Linares-Mena, Borge-

Diez and Quinto-Alemany, 2017).  

The other strategy to take advantage of DSM is interconnection of the sector, or sector-coupling. 

This proposes interconnecting several sectors of an island, such as transport, energy, and water to 

provide ancillary services and balance the grid further by allowing easier redistribution and energy 

control within the interconnected grid (Groppi et al., 2021).  

Another option is the interconnection of grids or islands to provide greater stability to the grid. 

All these solutions have been applied to multiple projects globally and are commonly paired 

together to improve performance of grid systems.  

2.3.4.1 V2G and Island Interconnection 

Pfeifer et al. (2018) analyse two main ways to reach 100% renewable penetration on the Vis, 

Korčula, Lastovo, and Mljet islands in Croatia. The authors aim to meet the entire electric demand 

using PV, as the region has a high solar potential. Moreover, due to the proximity of the islands, 

the authors propose the interconnection of these to increase the renewable participation in each 

electrical grid. Furthermore, they analyse the use of V2G technology to provide demand response. 

Two scenarios are analysed combining these two technologies, one using smaller distributed BES 

across the islands, and the other using a big, centralised BES to provide grid stability. The report 

concluded that the interconnection of the islands increased the renewable penetration and reached 

a maximum of 85% in the system, while it was proven that the distributed BES provided greater 

benefits to the system and faster response times. Lastly, the authors highlight the high synergies 

between V2G and RES which allow increased renewable penetration whilst having the least 

environmental impact.  

Similarly, Alves, Segurado, and Costa (2020) aim to assess the interconnection of the Pico and 

Faial Islands, Azores, to achieve a 100% RES. The authors argue that all sectors must be 

addressed and decarbonised, not only the energy sector. Therefore, a V2G system is proposed to 

help the decarbonisation of the transport sector using EV and conveniently provide ancillary 

services to the grid. In their study, they analyse the maximum renewable penetration each island 

can achieve on its own and show that the island of Pico can reach 100% RE participation, but the 

island of Faial falls short and reaches its maximum at 70% RE participation. Due to this, they 

explore the interconnection of both islands and conclude that the only way of achieving 100% 

renewable penetration in both islands is interconnecting both grids.  

Moreover, regarding V2G, Pfeifer, Prebeg, and Duić, (2020) analyse the possible benefits of using 

ferry lines to provide V2G services in 100% RES. In their study they analyse three main types of 

ferries, diesel, electric, and hydrogen powered ferries. They prove that ferry lines can also provide 
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ancillary services to the grid, even though their availability is limited in comparison to cars as 

long routes mean that they cannot consistently provide grid services when required. The authors 

conclude that electric ferries would have a lower cost than hydrogen ferries for shorter lines, while 

electric ferries would require an investment four times higher than hydrogen for longer lines.  

Additionally, as stated previously, Lund (2006), discusses the implementation of a wind-wave-

solar system to meet 100% of Denmark’s demand. The study concludes that ancillary services to 

provide balance to the grid are needed. Lund considers the decarbonisation and implementation 

of the transport sector into the system is key and therefore presents V2G technology as one of the 

main solutions. Additionally, hydrogen would be produced with excess energy to provide 

ancillary services and further aid to decarbonise the transport sector. As previously stated, 

hydrogen appears to grow in popularity as one of the best solutions, playing a significant role in 

the EU´s path to become energy self-sufficient by 2027. (European Commission, 2022; Leyts and 

Piperidis, 2022). 

In a similar manner, Esteban et al. (2018), assess the feasibility of a 100% RES in Japan using 

wind, solar and tidal energy. The researchers also conclude that the provision of ancillary services 

to the grid is necessary and propose the use of BES for balance. They also discuss V2G 

implementation and conclude that this technology must be paired with the implementation of a 

smart grid in order to manage different generation sources and keep balance. Furthermore, the use 

of hydrogen would also be needed to provide greater stability to the grid. Overall, the report shows 

that 100% RES is possible with adequately balanced systems. 

Lastly, Maïzi et al., (2018) use Reunion Island as their case study to address issues resulting from 

a high penetration of renewables in an electrical grid, such as increased variability of the supply, 

loss of flexibility, and decreased spinning reserves in the system. Throughout the study several 

models are applied to tackle these issues, but ultimately conclude that in order to achieve a 100% 

RES the installed capacity needs to be almost doubled, largely oversizing the system. The authors 

propose the use of DSM and BES to reduce the need of oversizing and the issues it entails, 

allowing for better resource management. They conclude that with DSM and BES the installed 

capacity could be reduced by 6% which increases reliability of the system and reduces its 

operational costs.  

2.3.4.2 Sector Coupling in the Canary Islands for DSM 

Similar to HRES studies, numerous researchers have proposed the provision of DSM through 

sector coupling in the Canary Islands.  

Firstly, Cabrera, Lund, and Carta (2018) present a new method in which they aim to increase the 

renewable penetration in Gran Canaria. To achieve this, they propose the interconnection of the 

electrical, heating/cooling, desalination, transport, and gas sectors. In the study, a total of 17 
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scenarios are analysed, dedicating two or three for each sector. These scenarios discuss different 

proposals such as the installation of a PHES facility, use of V2G technology, or CO2 

hydrogeneration. The study concludes that with the current technology, interconnecting the 

sectors would mean that renewable penetration in the island can reach 75.9% and achieving a 

100% RES is feasible.  

In another study, Cabrera, Carta, Lund and Thellufsen (2021) explore the possibility of linking 

the water and energy sector in Lanzarote to increase the renewable penetration. In the report, the 

water production and treatment facilities are treated as flexible loads to balance a wind-PV 

system. After extensive analyses, the conclusion reached is that an appropriate sizing of the water-

energy sector interconnection with adequate wind-PV and desalination units is key, achieving an 

increase ranging from 5.1% to 24.6% in the renewable penetration.  

Furthermore, Gils and Simon (2017) present a pathway to achieve 100% RE generation in the 

Canary Islands by 2050. The study analyses the renewable potential of the archipelago and 

concludes that the islands have more than enough potential to meet their energetic demand by 

using PV, CSP, on- and offshore wind, wave, and geothermal, among others. Secondly, in order 

to achieve the 100% RE scenario, the authors propose the interconnection of the energy, transport, 

and heating/cooling sectors to provide greater flexibility in the grid, while also interconnecting 

all 8 islands together to form a giant interconnected grid. In addition to these intersectoral and 

island interconnection, the authors use DSM, BES, hydrogen, and V2G as the main flexibility 

providers in the grid to ensure constant power supply and grid stability despite the high energy 

demand and supply. Lastly, they conclude that the 100% RE system would be achievable but the 

archipelago is currently behind schedule for 2050.  

2.3.4.3 V2G Technology for DSM in the Canary Islands 

Regarding V2G, Meschede, Child and Breyer (2018) use the island of La Gomera (Spain) as their 

case study to analyse different principal concepts and scenarios to increase the renewable 

penetration on the island from a DSOs (Distribution System Operator) point of view. The report 

studies five different scenarios (BAU, H2, DSM, V2G, and a combined scenario) in order to 

increase the penetration of a wind-PV into the system. Following analysis, it is shown that all 

scenarios have lower running costs than the BAU scenario. Moreover, the authors highlight the 

huge potential of V2G to balance the grid, remark that hydrogen is an economic alternative for 

biofuels and useful to decarbonise the transport sector, but not as efficient as BES, and finally 

highlight the great potential of DSM strategies to reduce costs in the systems. A 100% renewable 

system was feasible under all four renewable scenarios.  

Furthermore, Colmenar-Santos, Linares-Mena, Borge-Diez, and Quinto-Alemany (2017), 

analyse the use of V2G technology and DSM to increase security of supply and flatten the peak 
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and valley curves that currently affect the grid. They further aim to establish a charge/discharge 

pattern that can help reduce this while helping to increase the participation of EV in weak grids. 

The report shows that with a low number of EV (2% of the current number of cars in Tenerife), 

peak shaving and flattening the curves would be possible. However, in order to ensure EV use 

REs to provide their electricity, a greater penetration of renewables in the grid is needed, as 

otherwise diesel is used for the electricity generation. 

Lastly, in their study, Meschede, Hesselbach, Child, and Breyer (2022) analyse the robustness of 

a 100% RE system under three different scenarios, hydrogen only, V2G only, and a combined 

scenario. They conclude that even though single technology scenarios can provide numerous 

benefits, using a V2G-hydrogen system provided improved performance, highlighting the need 

to use a combination of different technologies to improve the grid flexibility.  

Despite the many studies considering V2G technology in the Canary Islands, currently the 

implementation of the technology is not possible in the archipelago as a limited percentage of the 

population has access to charging stations, and diesel cars remain the overwhelming majority.  

2.3.5 Smart grids 

Smart grids are the last alternative proposed by Kuang et al. (2016). These are grids which can 

constantly maintain a balance between the demand and the supply using advanced communication 

and information technologies such as Internet-of-Things (IoT), or Artificial Intelligence (AI) and 

big data, or blockchain technology. Using this technology, a bi-directional communication is set 

up between the generation sources and the consumers. The generation sources inform of their 

production in real-time, while the consumers inform in real-time of their demand, therefore the 

production is automatically modified to meet the demand and increase the efficiency of the system 

(IRENA, 2019).  

Several examples of the application of smart grids in real life already exist, such as the Aran 

Island (Denny and Keane, 2013) or Moushuni Island (Das and Balakrishnan, 2012) grids, 

however, the most relevant to the report is the smart grid implementation analysed in La Graciosa 

(Spain).  

Sánchez Ramos et al. (2019), propose a Smart grid in which the surplus of electricity generation 

is shared between the prosumers of the grid. The system uses TES and PV modules for the 

generation and storage of electricity and uses DSM and Demand Response (DR) to maximise the 

efficiency of the system and increase the grid flexibility and stability. In this smart grid proposed 

in La Graciosa, Peer-to-Peer (P2P) trading is also used to facilitate energy trading within the 

system. Furthermore, they propose the use of an Energy Sharing Coordinator (ESC) to manage 

all the resources in order to maximise cost savings within the system by prioritising sharing of 

electricity between the prosumers rather than storing the excess electricity. The report concludes 
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that the system is feasible and 100% renewable penetration can be achieved along with 

decentralisation and electricity market independence. 

Lastly, in the IRENA report concerning solutions to integrate variable renewables, they discuss 

different flexibility solutions which use different parts of the grid. They comment on supply-side, 

grid, demand-side, and system-wide flexibility solutions, out of which some like DSM, V2G, 

ESS, or hydrogen have been discussed above. IRENA considers other options too, such as power-

to-X solutions, or the use of advanced weather forecasting (IRENA, 2019).  

2.4 Modelling of HRES Software 
Two main tools can be used to analyse a HRES, an energy system modelling tool or a single 

indicator tool. The former is the preferred option among researchers as these offer a broader scope 

by combining several relevant indicators, allowing for better understanding of the system 

(Barney, 2022).  

Over 100 different energy modelling tools exist, each of which has different functionalities and 

models that allow the assessment of various aspects of the systems. Therefore, selecting the 

appropriate model to analyse the HRES is key. Throughout the literature review, researchers have 

used a variety of different software or own models in order to analyse the implementation of 

HRES. However, the Hybrid Optimisation of Multiple Resources (HOMER) and EnergyPlan 

tools are found to be by far the preferred choices in this area.  

EnergyPlan is a tool which is used for technical, economic, and environmental planning of energy 

systems on a regional or national level. The software allows for the input of hourly supply and 

demand data and is able to simulate a full year of operation of the system (Barney, 2022). Studies 

performed by Marczinkowski and Østergaard (2019) in the islands of Samsø (Denmark) and 

Orkney (Scotland), Alves, Segurado and Costa (2020) in Pico and Faial (Portugal), Cabrera, 

Lund, and Carta (2018) in Gran Canaria (Spain), and Meschede, Hesselbach, Child and Breyer 

(2022) in La Gomera (Spain) have all used the modelling tool successfully on island systems.  

On the other hand, HOMER is an optimisation model for microgrids capable of simulating and 

optimising different HRES configurations. It is also capable of performing sensitivity analyses on 

the different systems and can analyse systems which include all energy types including battery 

and hydrogen storage. Furthermore, the model provides results based on technical, economic, and 

environmental performance of the system and is better suited for off-grid systems (Barney, 2022). 

HOMER has also been used extensively by Lal and Raturi (2012) in the Fiji Islands, by Kalinci 

(2015) in the island of Bozcaada (Turkey), by Groppi et al., (2018) in Favignana Island (Italy), 

by Baek, Kim and Chang (2015) in Yeongjong Island (South Korea), or by Padrón, Ávila, 

Marichal, and Rodríguez (2019) in the islands of Lanzarote and Fuerteventura (Spain), showing 

its suitability to analyse HRES in off-grid systems.  
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2.5 Blockchain in the Energy Sector 
As mentioned in previous section, blockchain technology is secure, transparent, and 

decentralised. These properties guarantee the renewable penetration in the grid because prosumers 

can ensure the origin and location of the energy. Therefore, the popularity of blockchain 

technology in the energy sector is due mostly to these characteristics and the numerous technical 

opportunities it offers.  

Put simply, blockchain is a tool that allows the storage and sharing of digital data such as, 

transparent digital transactions reflecting the real physical energy transactions, data records, 

executables, or other types of data on a distributed ledger. This information is added into the so-

called ‘blocks’ which are time-stamped, traceable, unalterable, and linked to previous blocks 

cryptographically, thus creating a chain of blocks or ‘blockchain’. This means that data is stored 

in a chronological order and thus the order of events can be seen by looking into the records of 

the blockchain (Andoni et al., 2019; Esmat et al., 2021).  

Classically to ensure the above characteristics are true and that no tampering of the data, or double 

spending of money occurs, a central authority is in charge of safeguarding the data and making 

sure the data remains valid and is continuously updated. Due to the security concerns that arise 

from this system, such as having a single point of failure, blockchain is based on a decentralised 

system to verify the data, allowing the technology to achieve one of its main objectives of 

removing the intermediaries but also making available to the small and medium renewable energy 

producers a technology to enter the energy producing sector without depending on centralised 

producers. In the blockchain, verification and updating of the data is performed by the distributed 

network of users, in which each user has a full copy of the digital records and works in 

collaboration with other users (i.e., miners) to verify and safeguard the transactions and thus 

maintain the integrity of the system (Andoni et al., 2019; Esmat et al., 2021).  

In summary, it is very difficult to tamper with the information as new changes made to the block 

need to be verified by a subset of the nodes on the network (i.e., sometimes the majority of the 

system, but there are also project with smaller number validating the transactions). This means 

that tampering would require a majority of the network colluding (Andoni et al., 2019) but the 

design of most projects guarantee higher and higher security properties of the network as the 

number of network nodes grow (Nakamoto, 2009). 

Blockchain projects in the energy sector contain the three most important trade-offs of the 

technology: Security, decentralisation, and scalability. No project can guarantee the maximisation 

of these three.  

Firstly, it is stated that having a centralised system for data handling can be much faster to confirm 

transactions. Yet, attacking the central server can make the network collapse. On the other hand, 
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the implementation of RES and BES systems in a distributed manner has significantly increased 

over the last years causing grids with a centralised approach to struggle incorporating, managing, 

and operating these systems. Furthermore, centralised management is also starting to fail due to 

increased need for advanced transparent communication and data exchanges between different 

parts of the system. To solve this, decentralised management has arisen as the best solutions, and 

the decentralised nature of blockchain makes it the perfect fit to tackle these issues. Notice 

however, that decentralised solutions also include trade-offs. It is more secure and transparent 

than centralised technologies, but transaction times, and therefore scalability, are usually longer 

than their centralised counterpart (i.e., think about the number of confirmations the centralised vs. 

the decentralised technology requires).  

Despite the trade-offs blockchain allows for automated and real-time settlements which allow the 

elimination of third parties, removes intermediary costs, maintains transparency in trading, and 

enables accurate billing between the prosumers. Moreover, the automation of the processes 

involving transactions has allowed utilities and other companies to cut administrative costs and 

speed-up imbalance settlement which could take up to 2 years (Andoni et al., 2019).  

Within blockchain one of the most known characteristics are the smart contracts. Smart contracts 

are computer programs coding a transaction protocol intended to automatically execute, control, 

or document legally relevant events and actions according to the terms of a contract or an 

agreement. They are executable programs which can make changes in the ledger i.e., write 

information automatically in the database, and can be triggered automatically if a set of certain 

conditions are met. In the energy sector this can occur between prosumers when an agreement is 

honoured. The use of smart contracts ensures the supply and demand of the grid are closely 

matched and hence improve the reliability of the system without third party involvement. 

An example of a smart contract related to the transparency in the energy sector is the following: 

Prosumers know from which source their energy is coming and therefore choose their energy 

suppliers and price according to their preferences. For example, prosumers choose to only trade 

with prosumers from nearby places offering energy from renewable sources. These conditions 

can be executed from a smart contract explicitly written in the blockchain as soon as the agreement 

and the energy-payment transaction has been verified.  

Lastly, even though the ledgers are public, they offer privacy and security. The tamper-proof 

nature of the technology secures all relevant information with high resiliency to attacks and 

falsification. This feature secures the increase of trust among all the users in the network and 

enables the verification of the shared information. 
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2.5.1 Applications of Blockchain in the Energy Sector 

The extended research performed on blockchain has also showed and proved the many 

applications it can have among the energy sectors. In their study, Andoni et al., (2019) conduct a 

review of 140 energy projects which have used blockchain technology and classify all projects 

into eight main sections or applications.  

• Metering, billing, and security 

• Cryptocurrencies, tokens, and investment 

• Decentralised energy trading 

• Green certificates and carbon trading 

• Grid management 

• IoT, smart devices, automation, and asset management 

• Electric e-mobility 

• General purpose initiatives and consortia 

 

Figure 5 - 8 Applications of blockchain in the energy sector and percentage of projects for each application (Andoni 

et al., 2019) 

From the above-mentioned applications, the literature review will only cover three of them, 

namely, cryptocurrencies, tokens and investment, decentralised energy trading, and grid 

management, as they are deemed the most relevant to the topic of decentralisation of the grid and 

distributed energy generation.  

Cryptocurrency is one of the first ideas and applications that was given to blockchain in the form 

of Bitcoin. A cryptocurrency is a digital or virtual currency that can be used to make secure online 

payments, which uses cryptography to avoid double-spending or counterfeit (What Is 

Cryptocurrency?, 2022). Cryptocurrencies are one of the most understood applications of 

blockchain, and over the last years new cryptocurrencies and tokens have been introduced into 

energy marketplaces to offer diverse solutions.  



28 

 

Energy projects are beginning to introduce their own cryptocurrency related to the energy market 

allowing for the ‘tokenisation’ of assets. This means converting a physical asset into a digital 

asset for its use in the blockchain, e.g., an energy token is provided to a user for each kWh of 

renewable energy they produce, therefore they can exchange the token and energy in the 

blockchain. With tokenisation it is possible to reward users which produce more renewable energy 

with more cryptocurrency, hence, incentivising larger investments in renewable projects to 

increase profits obtained. Using cryptocurrencies to attract investment into projects is also known 

as ICO (Initial Coin Offering). Furthermore, tokenisation aims to create new markets and business 

models based on co-ownership and sharing of assets. This method of investment and ICO also 

allows anyone to invest in the project and obtain profits, increasing the variety of investment and 

creating a sense of community which often increases trust (Andoni et al., 2019). 

Many companies and projects have already used this method to attract investment into renewable 

energies and provide investors with diverse benefits. Firstly, 4NEW a UK start-up proposed the 

construction of a waste-to-power energy plant with a cryptocurrency mining facility. They offered 

an energy token KWATT through an ICO. Each KWATT represented 1 kW of electricity per year 

produced by the waste-to-power energy plant. The coin owners could then decide whether to sell 

the electricity into the grid or use it to mine either Bitcoin or Ethereum (two of the most popular 

cryptocurrencies). By doing this, the start-up increased the attractiveness of the project by 

providing several benefits to the investors (Andoni et al., 2019).  

Similarly, Sun Exchange, have developed a blockchain platform aimed at crowd selling PV 

projects to potential investors. The platform showcases the different projects which are under 

development in developing countries. Investors then select the project they want to invest in and 

buy solar assets for a fixed price. These solar assets are then leased to the consumers in the 

developing countries, and automatic payments are made from the producer to the investor through 

smart contracts. Furthermore, for every MWh of solar energy produced a SolarCoin is awarded 

to the investor which can be used for trading in the blockchain. (Exchange, 2022, Andoni et al., 

2019). 

For the project, a similar approach can be taken in which an ICO is performed to finance larger 

wind farms while increasing the participation of the community in the energy projects.  

The most researched application of blockchain in the energy sector is decentralised energy 

trading. This consists of using a blockchain-based platform to trade renewable energy assets 

between prosumers or utilities in the grid to ensure the supply and demand are continuously 

matched. While reviewing the application, Andoni et al., (2019) identified four main 

subcategories.  
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• Wholesale energy trading. This has been proposed by multiple companies such as 

PONTON, Wien Energie, or BP, by creating a smart trading platform for energy 

commodities, gas, or renewable energy between regions. 

• Energy trading support for small generators. Consists of providing small- and medium-

sized consumers access to the central energy market to increase consumer savings in 

energy billing.  

• Blockchain trading for utilities and energy systems. Refer to platforms created by several 

companies such as, Bittwatt, Clearwatt, or Green Running, which allow energy trading 

between TSO (Transmission system operator), DSO (Distribution system operator), 

energy aggregators, and utilities to increase grid stability, honour PPA´s, and reduce 

energy prices. 

• P2P (Peer-to-Peer) trading. This involves direct transactions between users without the 

need of a third-party intermediary. Within the electrical sector this refers to buying or 

selling electricity assets between prosumers to either satisfy their demand or sell their 

excess supply. One of the biggest companies using this technology is Power Ledger.  

For this study, P2P trading is the most relevant application of this technology, as the islanded grid 

of Fuerteventura lacks connection to the Spanish national grid preventing consumers from 

accessing the utility market. Therefore, the system will not include trading of energy 

commodities, and will focus on trading of energy assets between prosumers connected to the grid.  

P2P platforms allow energy consumers and producers to trade energy directly with each other to 

satisfy their energy needs. P2P trading provides three main benefits on different levels (Esmat et 

al., 2021).  

- Regarding demand side, prosumers can participate in a decentralised energy trading 

platform without intermediaries.  

- On a societal level, P2P promotes renewable energy integration by promoting the 

investment of prosumers on renewable energies or encouraging consumers to purchase 

electricity from renewable sources 

- On a grid level, P2P can provide the necessary flexibility to the system operator to 

manage system congestions.  

Furthermore, in their study, Esmat et al., (2021) performed an in-depth analysis of P2P trading 

and P2P markets. They highlight how P2P fits naturally with blockchain technology as it provides 

innovative trading platforms and secure recording of energy assets and data. Moreover, they 

discuss and analyse the different P2P market structures of which Continuous Double Auction 

(CDA) design is the most popular but has certain limitations such as incapability of integration 

for BES systems into the market.  
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Additionally, the paper discusses the different dimensions P2P markets need to operate on. Firstly, 

the temporal dimension. This refers to how the market is designed to operate, day-ahead, intra-

day, or real-time market. Secondly, the contractual dimension, which defines the basis upon which 

the buyers and sellers trade. There are three main options, a full P2P market in which peers 

negotiate with each other with no central authority; a pool-based structure P2P market in which a 

community manager ensures demand and supply match and peers do not participate, but simply 

announce their selling or buying prices; and a hybrid P2P market in which a combination of both 

is achieved. Lastly, price clearing dimension defines the price-setting mechanism used, which can 

be either uniform – in which the entire market has same price – or discriminatory – in which users 

bid for the energy – (Esmat et al., 2021). Opportunities and challenges of the application are also 

discussed in the study as seen in the table below. 

Furthermore, grid users considered consumers – hence do not produce electricity – can still benefit 

from this P2P market system as they are given the freedom to choose the type of energy they can 

purchase. However, both prosumers and consumers face similar challenges (Esmat et al., 2021).  

Table 1 - Opportunities and Challenges of P2P technology (Esmat et al., 2021) 

Opportunities 

- Economic side, all intermediaries and corresponding costs are eliminated. 

- Increased potential to incentivise investments in DER (Distributed energy 

resources) which reduce carbon emissions. 

- Creates trust and collaboration. 

- Improves grid resiliency and security. 

Challenges 

- P2P markets require additional regulations to ensure fairness and define 

legal boundaries. 

- Need use of smart meters to determine source of energy. 

- If participation of users in the market is not incentivised the lack of 

competition can lead to non-optimal clearing prices. 

- Market prices need to be more competitive and attractive than status quo 

or people will not be interested. 

- Uncertainty of human behaviour resulting in altered market. 

 

Lastly, Andoni et al., (2019) discuss numerous applications of the technology in the real world. 

The Brooklyn microgrid, the Lazarettgarten microgrid in Landau (Germany), or the Allgau 

microgrid all implement P2P trading in their system to investigate different aspects of the 

technology and facilitate energy trading between prosumers without the need of intermediaries. 

Furthermore, Power Ledger used the data from implementations of the system in different 

microgrids to analyse the use of a uniform pricing, in which the selling price of electricity in the 

P2P market is above the selling price to the grid, and the buying price is below the one offered by 

the traditional market. This way, they guaranteed benefits for both buyers and sellers. Moreover, 
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several projects also propose the use of cryptocurrency as the only trading currency in the grid to 

facilitate transactions, while others propose the use of fiat currencies to remove possible confusion 

created to users because of cryptocurrencies.  

Regarding grid management, researchers and projects have investigated innovative solutions such 

as automation, decentralised management, and control to increase the grid’s stability. The 

improvement in grid stability would result from the use of blockchain, meaning the system can 

be monitored better and allow for real-time response and management of sources resulting in 

enhanced adjustment to the demand and supply. This application offers some clear benefits to the 

grid. 

Using blockchain to manage the grid has the potential to improve the balance between demand 

and supply through smart contracts and allows for better coordination between the TSO and DSO, 

which improves the grid balance (Andoni et al., 2019; Eurelectric – Powering People, 2022).  

However, some challenges have been identified by Andoni et al., (2019) regarding the 

implementation of blockchain for grid management. Firstly, blockchain technology has low 

throughput and transaction speeds, which means only a limited amount of data can be processed 

per second (it is far lower than transaction speeds offered by centralised systems), hence reducing 

the technology´s capability of providing real-time verification. Furthermore, a network of smart 

metering, grid infrastructures, and control and communication systems would be required. This 

would generate large amounts of data that would need to be carefully managed and safeguarded 

to prevent potential cyber-attacks. 

Different applications and projects have already been done in this area. PONTON has developed 

Gridchain, a software based on blockchain that simulates future processes for real-time grid 

management. The tool aims to increase coordination between TSO’s, DSO’s, and aggregators to 

improve grid stability (Merz, 2022). Moreover, TenneT along with Sonnen, Vandebron, and IBM 

are exploring the use of household battery services and EV´s to reduce the need for emergency 

measures and provide ancillary services to the grid at periods of grid constraint by using a network 

of distributed batteries to absorb oversupply from renewables (TenneT unlocks distributed 

flexibility via blockchain, 2022). Lastly, Electron explores the implementation of a P2P trading 

platform for all demand-side response assets to increase flexibility of the grid (Andoni et al., 

2019).  

The use of blockchain to provide ancillary services and increase grid flexibility can be applied as 

well for this project, because flexibility needs to be optimum to ensure constant power supply for 

an almost 100% VRE system.  
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2.6 Literature Review Conclusion 
A comprehensive analysis and review of the different technologies being used to increase 

renewable penetration in electrical grids has been provided throughout the literature review. This 

chapter has focused on the many benefits and configurations that HRES can have. These can use 

the complementarity of different renewable resources such as wind-wave or wind-PV to ensure a 

constant production throughout the day and thus increase the grid flexibility. Furthermore, 

alternative approaches for increased renewable participation in the grid such as ESS, DSM, 

microgrids, or smart grids were also reviewed, which highlighted how their installation can 

largely increase the renewable penetration in the grid and enhance the performance of HRES in 

off-grid systems.  

Moreover, the literature regarding the renewable potential in the Canary Islands was reviewed 

highlighting the excellent wind and solar resources present on the islands. Additionally, the 

current limitations and issues the islands face were reviewed which further showed the possible 

difficulties for the implementation of HRES in the archipelago. This issue is further discussed 

when analysing the barriers for implementation of HRES in islands. 

The different modelling software available for the simulation of HRES in microgrids or off-grid 

systems were reviewed too, reaching the conclusion that the HOMER software would be suitable 

for the current study.  

A review of the application and mechanics of blockchain in the energy sector helped clarify how 

this technology can be applied in the current project. The main contributions to this report would 

be increased investment opportunities and P2P trading.  

Overall, a wide variety of topics are discussed and reviewed which will help in the development 

of the following chapters of the study.  
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3 Methodology 
This study aims to analyse the possibility of decarbonisation of a heavily fossil fuel dependent 

electrical grid through the implementation of a decentralised grid which uses renewable 

distributed generation to meet its demand. At the same time, the role of the grid users, the TSO, 

and DSO will also be explored in this type of decentralised grid. The report will use the island of 

Fuerteventura in Spain as its case study. 

This study will use an exploratory mixed descriptive and quantitative methods approach for data 

collection and analysis.  

Descriptive data collected from scientific journals, press releases, and governmental publications 

describes the different technologies of HRES and how these operate. This data has provided 

insight into the functioning and implications of different HRES in decentralised grids, the effect 

of different renewable technologies, and the integration of blockchain in energy systems.  

Quantitative data collected from scientific journals, government databases, and weather databases 

are the numerical and empirical data which will be used to compare the different HRES, select 

the most appropriate for the case study, and will be used as input for the modelling of the different 

scenarios analysed in the report.  

In order to analyse the information and data from the sources, the research proposed the 

methodological procedure presented in Figure 6. A similar methodology to the one presented has 

been described by different researchers such as Katsaprakakis et al. (2009), Baek, Kim and Chang 

(2015), or Hoseinzadeh and Astiaso Garcia (2022) in their respective studies. 

 

Figure 6 - 9-step Methodological Procedure of the Study 

The first part of the methodology is data analysis. This step is crucial as it will provide all the data 

required to help determine the different scenarios which will be analysed later in the modelling 
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of the different systems. This step is divided in two parts, the first of which consists of analysing 

the current electrical grid and load profile at the selected location. However, an electrical grid 

system is made up of multiple components which means these systems have complex structures 

and can be difficult to fully analyse. Therefore, in this step we will focus on obtaining only the 

necessary data to provide an overview of the system and be able to successfully model the system 

later. In order to achieve this, the following data will be required. 

• Current grid layout: all substations, connection points, and overview of distribution lines 

with location and capacities.  

• Generation infrastructure: Total installed capacity in MW and the various sources of 

generation. 

• Load profile: annual, monthly, and daily demands along with maximum peak load 

demands and average hourly distribution for each month. 

• Load distributions: seasonality of the demand and distribution across the different sectors 

in the system. 

The second step would be to analyse the present renewable resources. In this step all the renewable 

resources at the selected location must be explored to later decide on the best technologies for 

installation. This is done by analysing the climatic conditions and historic weather databases at 

the location to investigate wind, solar, and wave renewable resources. Furthermore, geothermal 

and hydro also need to be considered as options. To do so, monthly generation and resource data 

need to be acquired. Lastly, the possible installation of battery or hydrogen storage should be 

considered and done by comparing technology prices, storage capacities, lifetime and possible 

benefits provided.  

Once the data analysis has been completed and the electrical grid of the location and the renewable 

resources present are understood, the development of scenarios can be done. In this second part 

of the methodology steps 3 and 4 are applied.  

In step 3, the selection of the different renewable energy resources is done. To do so, the data 

from step 1 and 2 is used to compare the different technologies and assess their potential. This 

should be done by using the monthly resource potential and looking at the availability of the 

resource at the selected location. Technologies with high production potential and large 

availability are the preferred choice but supporting technologies such as battery storage or hydro 

are also needed. So, a balanced combination of producing technologies and backup technologies 

needs to be selected. During this step, selecting a mix of technologies that have the potential to 

complement each other is recommended, as well as selecting the technologies that can meet the 

expected demand. 
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Furthermore, in step 4 information from step 3 is used along with knowledge of the location such 

as space availability or geographical limitations to select the different scenarios. Numerous 

different scenarios should be proposed combining the different technologies selected and using 

storage systems such as battery or hydrogen.  

In step 5, modelling and analysis of the various proposed scenarios is done. For this step HOMER 

Pro will be used. HOMER Pro is a tool which specialises in optimising microgrid systems. The 

tool does this by simulating various system scenarios using multiple variables to determine the 

most suitable system. It has been selected as it offers the possibility of combining several relevant 

indicators to analyse the different systems and can also perform sensitivity analysis using a broad 

range of variables which can provide a more detailed understanding of the systems proposed.  

HOMER Pro will be used to model and simulate the operation of all the different scenarios 

proposed in the previous step. This is done by inputting all the necessary values regarding the 

selected electrical grid and the different renewable technologies into the system, including load 

profile, renewable resources, and costs of the different technologies among other variables.   

In step 6, after all the scenarios are modelled, HOMER can be used to simulate system operation 

and optimise the sub-systems to limit electrical losses, maximise efficiency, and achieve 100% 

renewable penetration, among others. The optimisation of the different scenarios also provides an 

economic and technical feasibility of the different scenarios, which can later be compared to 

determine which systems are better. Furthermore, a sensitivity analysis can be conducted using 

different conditions and values for the different technologies to better understand how the system 

operates and performs.  

Once the modelling and optimisation of the different scenarios is completed the different proposed 

systems will be compared and the advantages and hindrances each might have will be discussed 

in step 7. This step will use the results from step 6 to offer the best possible analysis. 

Step 8 provides a conclusion of the results in which the best system is selected. This system is 

selected after the previous discussion, comparison, and analysis of the different scenarios in step 

8, after which the most suitable system for the selected location should be clear.  

Lastly, step 9 provides a future study proposal section. In this section, different issues encountered 

throughout the study or areas that have been left untouched are proposed as future research 

studies. These topics should complement the findings of the current research and offer innovative 

solutions to problems encountered in the paper.   
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4 Application of the Methodology 
The methodology discussed in the previous section will be applied in this report to the case study 

of Fuerteventura in order to analyse the implementation of a 100% renewable decentralised grid 

system.  

4.1 Case Study Background 
Fuerteventura is one of the eight Canary Islands located off the north-western coast of Africa in 

the Atlantic Ocean as shown in Figure 7. 

Fuerteventura is the second largest of the Canary Islands with an area of 1,660 km2, most of which 

is relatively flat with low vegetation coverage. Similar to the rest of the Canary Islands, tourism 

is the biggest economic activity in Fuerteventura which in 2019 represented over 30% of the 

island’s income and almost 50% of the jobs on the island. The main touristic attractions are its 

white sand beaches, gastronomy, cultural events, and average annual temperatures of 20°C 

(Patronato de Turismo de Fuerteventura, 2021).  

Furthermore, the island has a resident population of just under 120,000. However, due to its large 

touristic sector, Fuerteventura receives over 2 million tourists annually. The touristic occupation 

is rather stable but could be said to have peaks in summer (June – August) and winter (October – 

February) months. During peak months, the population on the island more than doubles as over 

200,000 tourists visit the island monthly. This means that the electrical demand of over 320,000 

people needs to be met during these months and hence a significantly over sized system is needed. 

(ISTAC: Estadísticas de la Comunidad Autónoma de Canarias, 2022)  

 

Figure 7 - Map of the Canary Islands and Western Sahara (Mesa,2020) 
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4.2 Fuerteventura Electrical Grid 
Even though the island is home to 120,000 people, the electrical grid has been modified and 

expanded over the years to meet the needs of a population of up to 350,000 plus industries and 

other sectors. This means the system is and needs to remain oversized. As of 2020, Fuerteventura 

had a total of 227.6 MW of installed capacity, of which just 17.8% (40.6 MW) was renewable, 

with the remaining 82.8% being either diesel motors or gas turbines. Out of the 40.6 MW of 

renewable, 28.7 MW (70.6%) was wind capacity, and the remaining 11.9 MW (29.4%) was solar. 

Regarding the fossil fuel generation, a total of 187.02 MW are installed of which 57.2% are diesel 

motors and the remaining 42.8% are gas turbines. The system had a LCOE of 121.67 €/MWh in 

2020.  

Table 2 - Fuerteventura Generation Infrastructure (Gobierno de Canarias, 2022) 

 

Despite the large capacity of fossil fuel generation installed, all the production is done at the same 

location known as ‘Las Salinas’ in the north of the island as shown in Figure 8. The generation 

station has a total of 12 different generation units shown in Table 3.  

 

Figure 8 - Location of Fossil Fuel Generation Unit in Fuerteventura (Gobierno de Canarias,2022) 
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Table 3 - Fossil Fuel Generation Unit Information (Gobierno de Canarias, 2022) 

 

This centralised production of energy on the island and high dependency on fossil fuels is one of 

the reasons Fuerteventura was selected as the case study for this report.  

To distribute the electricity to the entire island from just a main single generation point, a well 

organised distribution network with substations and appropriate cabling is required. As shown in 

Table 4, there are currently 10 operating substations on the island, 4 with a capacity of 132 kV 

and the remaining 6 with 66kV. These substations are distributed along the entire island and are 

located near the main cities and towns of the island as seen in Figure 10. Furthermore, two new 

substations of 132kV are under construction in the south of the island, were most tourist 

complexes are located.  

Table 4 - Substations in Fuerteventura and their operating tensions (kV) (Gobierno de Canarias, 2022) 

 

 

Figure 9 - Key to the electrical grid of Fuerteventura (Gobierno de Canarias, 2022) 
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Figure 10 – High and Medium voltage electrical grid of Fuerteventura and Substations (Gobierno de Canarias, 

2022) 

In Figure 10 above, and using the key provided in Figure 9, the main high and medium voltage 

distribution network is shown. It is mainly comprised of 66kV and 132kV cabling. Moreover, 

near the north it can be seen how the cables go off the island. This represents the interconnection 

between Fuerteventura and Lanzarote. This interconnection has helped stabilise the grid on both 

islands while reducing the installed capacity as spare energy is shared between the islands.  

 

Figure 11 - Distribution Grid of Fuerteventura (Sources: Google Maps, 2022, Gobierno de Canarias 2022) 

Lastly, Figure 11 shows the distribution network on the island along with a map of the main 

towns, cities, and roads. It can be seen the network reaches all parts of the island and the layout 

matches that of the road infrastructure.  
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4.3 Fuerteventura Electrical Demand 
In regard to the electrical demand and load profile, data from 2020 is available but, due to the 

pandemic, a drop of 22% in the electrical demand of the island occurred (Gobierno de Canarias, 

2022). This means that data from 2020 does not represent a normal year of operation and therefore 

data from 2019 will be used.  

In Table 5 and Table 6, both the annual and monthly electrical demands of the island are shown. 

From the annual production of 717 MWh, a total of 88.8% comes from fossil fuels while the 

remaining 11.2% is produced by renewables. This further highlights the island’s dependence on 

fossil fuels. A total demand of 683 MWh needs to be met by the generation units. 

Table 5 - Annual Electrical Demand Values of Fuerteventura (Gobierno de Canarias, 2020) 

 

Table 6 shows the average monthly demand of the island along with the respective renewable 

generation share and peak load for each month. From these values, it is clear that a higher 

renewable resource occurs in spring and summer months. Furthermore, the peak load remains 

similar throughout the year with slightly higher values in the July-October period coinciding with 

the touristic high season. 

Table 6 - Monthly Electrical Demand Values for Fuerteventura (Gobierno de Canarias, 2020) 
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Additionally, average hourly demand values for each month are needed to model the different 

scenarios using HOMER. These values have been obtained from Red Eléctrica de España (2022) 

and the entire tables of values are shown in Appendix A. From the hourly demand it is clear the 

demand falls under a residential demand curve as seen in Figure 12.  

 

Figure 12 - Hourly Electrical Demand for Fuerteventura in January (Red Eléctrica de España, 2022) 

Lastly, Figure 13 below offers a good representation of the monthly and hourly variation of the 

demand which allows for better understanding of the demand profile of the island. This figure 

shows how both the maximum and minimum monthly peaks in demand are relatively similar 

across the entire year with increased consumption in the July-October months.  

 

Figure 13 - Seasonal Profile of the Demand (Gobierno de Canarias, 2020) 

In the above box and whisker graph, the highest and lowest values represent the overall maximum 

and minimum of each month respectively. Furthermore, within the blue box three values are 

highlighted for each month. The bottom value represents the average daily minimum demand for 
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the month while the top represents the average daily maximum throughout that same month. 

Lastly, the middle value represents the overall daily average electrical demand for the month.  

All the data for the demand and electrical grid will be useful for the later modelling and analysis 

of the different scenarios proposed.  

4.4 Renewable Generation Sources in Fuerteventura 
As mentioned previously in section 2.2 in the literature review, the Canary Islands have a large 

renewable potential due to their geographical location and orography of the terrain. This is also 

the case in Fuerteventura.  

In light of the conditions in the Canary Islands, five different renewable resources will be 

analysed: wind, solar, wave, geothermal, and hydro.  

4.4.1 Wind Resource 

Fuerteventura, being one of the oldest islands of the archipelago, has suffered most from erosion 

leaving it almost completely flat with its highest peak at just 807 m. This has meant the island 

presents low resistance to the wind and therefore has a high wind resource with relatively low 

surface roughness.  

Using data from the Global Wind Atlas, GRAFCAN (a tool developed by the Canarian 

government), and NASA´s Prediction of Worldwide Energy Resource (POWER) database, an 

average annual wind speed of 7.4 m/s can be observed at a height of 50 m above the surface. This 

high wind resource is due to the presence of the NNE trade winds (known as ‘alisios’) in the 

archipelago which provide a constant wind availability year-round.  

 

Figure 14 - Wind Resource in Fuerteventura (NASA – through HOMER) 

4.4.2 Solar Resource 

Due to the proximity of the islands to the tropics, there is a large solar resource present in the 

Canary Islands as represented in Figure 4 in the literature review. Furthermore, from this figure, 
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it is clear how the lack of vegetation on the island plays an important role as Fuerteventura has 

the highest solar radiation in the archipelago despite all islands being at the same longitude. Using 

NASA´s POWER database, an annual average solar irradiation of 5.66 kWh/m2/day can be found 

in Fuerteventura.  

 

Figure 15 - Solar Resource of Fuerteventura (NASA – through HOMER) 

4.4.3 Wave Resource 

Due to the location of the Canary Islands on the Atlantic Ocean, and the presence of the Canary 

Current, the archipelago is home to an excellent wave resource. This resource has slowly 

increased in importance over the last decade and several researchers such as Veigas, Carballo and 

Iglesias (2014), or Rodriguez, Clarindo, and Guedes Soares (2016) have analysed the wave 

potential in the Canary Islands, with a special focus on Fuerteventura. As seen in Figure 16, the 

island has a large potential in the north-western coast with annual averages exceeding 23 kW/m 

and annual peaks surpassing 30 kW/m during the winter months (Veigas, Carballo, and Iglesias, 

2014; Rodriguez, Clarindo, and Guedes Soares, 2016). 
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Figure 16 - Wave Energy Potential in Fuerteventura (Veigas, Carballo, and Iglesias, 2014) 

4.4.4 Geothermal and Hydro Resources 

The Canarian archipelago are volcanic islands which raised from the depths of the ocean millions 

of years ago. This volcanic origin implies the islands are host to an enormous geothermal potential 

which is stated to be capable of meeting 30% of the archipelago’s demand (Energia Geotérmica 

- CanariWiki, 2022). Furthermore, the Institute for Diversification and Energy Saving (IDAE) 

performed an analysis on the geothermal potential in Spain and determined the Canaries have an 

excellent potential with values between 35-80 W/m (IDAE, 2011). 

 

Figure 17 - Geothermal Potential in the Canary Islands (IDAE, 2011) 
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Moreover, because of the volcanic origin of the islands, most have steep valleys that run from the 

centre of the island down to the ocean. These are considered perfect locations for dams and water 

reservoirs, and some have already been installed in the archipelago. As a result of erosion, 

Fuerteventura has fewer and flatter mountains and valley, which means that only two small dams 

exist where the potential for production of hydropower can be analysed. These dams known as 

‘Presa de las Peñitas’ and ‘Presa de los Molinos’ have limited water availability and currently are 

better known as tourist spots or as natural wildlife reserves (Barranco de las Peñitas en 

Fuerteventura, 2022; Fuerteventura - Presa de Los Molinos, 2022). 

4.4.5 Generation Technology Capital and O&M Costs 

Moreover, technology costs for the different technologies need to be known to analyse the 

feasibility of the proposed systems using HOMER Pro.  

Over the last decade, despite the increase in turbine and rotor sizes, average global capital costs 

for wind have seen a 10% annual decrease. According to IRENA, in 2020 the capital costs for a 

turbine were a 1335 $/kW installed (IRENA, 2021a).  

Similarly, Operation and Maintenance (O&M) costs for wind energy are necessary to perform an 

adequate feasibility study. These costs have also seen a decrease over the last decade due to higher 

competitiveness in the sector. O&M costs largely depend on the country. In 2020 Germany had 

the highest costs at 56$/kW and Denmark the lowest at 33$/kW (IRENA, 2021a). Considering 

these current prices, the fact that prices in Fuerteventura will be higher than in mainland Europe, 

and that the project is intended to be developed in the future, a price of 44 $/kW (average between 

current maximum and minimum prices) will be used for the study.  

Furthermore, similar to wind turbine costs, PV costs are also observing a cost decrease trend 

which have meant prices over the last decade have dropped over 60% in different countries. The 

global average has also dropped for large installations from 4,731$/kW in 2010 down to 883$/kW 

in 2020. The latter value will be used in the study. Furthermore, regarding O&M costs, these have 

also followed a decreasing trend and a value of 17$/kW will be used (IRENA, 2021a) 

On the other hand, due to the low technology readiness of wave energy, the capital and O$M costs 

of the technology still remain high. Currently, capital costs for a wind power plant are estimated 

to be 3250 $/kW, while the O&M is expected to be around 4% of the CAPEX which gives an 

estimated price of 130 $/kW (Têtu and Fernandez Chozas, 2021; Bosserelle (SPC), 2022). 

Lastly, geothermal and hydropower are both very capital-intensive projects, but have relatively 

low O&M prices. Hydropower prices decreased over the last decades but have remained stable 

recently as the technology reached maturity. The global capital cost average for hydro power 

plants in 2020 was of 1800 $/kW, while the O&M average was at 40$/kW (IRENA, 2021a). 
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Regarding, geothermal energy, due to the low number of annual installations, prices vary largely 

and in 2020 the average capital cost was at 4400 $/kW (IRENA, 2021a). However, due to its large 

efficiency, it has the lowest O&M prices at 0.03 $/kWh produced (Geothermal FAQs, 2022; 

Geothermal Electric Technology | WBDG - Whole Building Design Guide, 2022).  

Table 7 - Generation Technologies Capital and O&M costs 

 

4.4.6 Battery and Hydrogen Storage Systems 

To provide stability to the HRES that will be proposed, BES and HES will be considered. As 

explained in the literature review, both technologies have been widely used to reduce the 

intermittency of the renewable sources and increase the grid stability and flexibility. These 

systems store excess electricity during peak production hours to ensure future demand is met and 

to keep the grid frequency within the standard levels. Then the stored energy is put into the grid 

when renewable generation alone cannot meet the demand.  

These systems, despite not being generation sources, are key to ensure a smooth operation of the 

HRES and increase grid stability, flexibility, and security.  

Capital and O&M costs of both BES and HES need to be known to perform an adequate feasibility 

study. Similar to the renewable technologies costs, costs for these systems have also experienced 

a decrease over the last years due to increased competitiveness in the sector. However, prices are 

predicted to keep falling over the next decade as the technology is improved and reaches maturity 

(IRENA, 2017; IRENA, 2021b).  

Table 8 - Capital and O&M costs of BES and HES (Mongird et al., 2020a; Mongird et al., 2020b) 

 

As seen in Table 8, cost for HES still remain high as it is still a new technology which has not 

reached its technological maturity which would allow a decrease in prices. HES are comprised of 

three main systems each of which has a different capital and O&M cost, the electrolyser to 

produce hydrogen with excess energy, a storage tank to store the hydrogen, and a FC to produce 

electricity from stored hydrogen when needed.  
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4.5 Development and Analysis of the Scenarios 
After assessing the potential of the different renewable resources on the island the analysis will 

focus on using wind and solar as the main generation technologies. Furthermore, BES will be 

used to provide ancillary services to the grid increasing its stability, flexibility, and efficiency.  

Wind and solar are the preferred choice as they both offer excellent resources and energy potential 

with average wind speeds of 7.4 m/s and average solar radiation of 5.66 kWh/m2/day. Moreover, 

the low capital and O&M prices of wind and PV mean that covering the demand of the island 

installing these technologies will potentially be cheaper than with fossil fuels, while also allowing 

for lower electricity prices in the grid.  

On the other hand, hydropower will not be used in the study despite having LCOE values similar 

to wind and solar of around 0.1 $/kWh (IRENA, 2021a). Moreover, Fuerteventura receives very 

low yearly precipitation as its low profile means that rain clouds are not stopped. This along with 

the lack of valleys for the installation of water reservoirs means that even if a hydro facility were 

installed its potential would be too low, and a similar project using the ocean as a lower reservoir, 

such as that proposed by Portero, Velázquez, and Carta (2015) would be required. Therefore, the 

low precipitations, low hydro potential, and high installation costs means the technology is not 

feasible in the island.  

Similarly, geothermal energy which was also considered will not be used. Implementation of 

geothermal energy has been discussed in the archipelago for decades but has never been 

developed due to high costs of the facilities, potential environmental issues, and opposition from 

sectors of society (Colmenar-Santos, Palomo-Torrejón, Rosales-Asensio and Borge-Diez, 2018).  

Using different combinations of wind, solar, and BES three different scenarios will be considered 

to decentralise the grid and reach 100% renewable penetration. All scenarios will be modelled 

and optimised entirely using HOMER Pro.  

• Wind – BES  

• PV – BES   

• Wind – PV – BES  

4.5.1 Scenario 1 – Wind-BES 

To meet the electrical demand of the island, a wind-BES was modelled and optimised first. The 

modelled system consists of Enercon E-115 3 MW turbines along with a network of distributed 

battery systems on the island to supply its electrical demand. All the results presented for all the 

different scenarios have been directly obtained from HOMER Pro. Moreover, all the results are 

optimised and are the best case for each scenario using the selected technologies.  
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Table 9 - Wind-BES System Architecture 

 

As seen in Table 9, this scenario requires a total of 135 E-115 turbines and 1.45 GWh of installed 

battery capacity to supply the entire demand of the island. Furthermore, Table 10, Table 11, and 

Table 12 present the financial aspect of the simulation, the electrical production of the different 

sources, and a summary of the system of the electrical production respectively. The project has a 

lifetime of 25 years, and therefore the salvage values on Table 9 are from the five years left for 

the batteries and converter.  

Table 10 - Net Present and Annual cost of the Wind-BES System 

 

Table 11 - Electrical Production of Wind Turbine and Battery Storage 

 

Table 12 - Summary of the Electrical Production of the Wind-BES System 
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In Table 12 above, the 68% excess electricity means that a total of 68% out of the total 2,212,000 

MWh/y produced is excess electricity. This value is the same for all three scenarios. The monthly 

electricity generation of the renewable sources in the system throughout the year are shown below 

in Figure 17.  

 

This first scenario meets the demand using 100% renewable energies and therefore has no 

emissions of GHG or pollutants into the atmosphere during its normal operation. Furthermore, 

the LCOE of the system is of $0.262/kWh.  

4.5.2 Scenario 2 – PV-BES 

The second scenario analysed was the PV-BES system. In this system, the PV panels are expected 

to produce the necessary electricity to meet the island’s demand.  

Table 13 - PV-BES System Architecture 

 

As shown in Table 13, the model consists of generic 1 kWh PV panels and generic 1 kWh Li-Ion 

battery storage. To meet the electrical demand, a total PV capacity of 1,517 MW is needed along 

with 2,089 MWh of battery storage. Similar to scenario 1, the project lifetime for scenario 2 is of 

25 years, therefore, the salvage values correspond to the years left to the batteries and converter.  

Figure 18 - Monthly Electrical Production of Generation Sources Scenario 1 



50 

 

Table 14 - Net Present and Annual cost of the PV-BES System 

Table 13 - PV-BES System Architecture 

Table 15 - Electrical Production of the PV Panel and Battery Storage 

 

Table 16 - Summary of the Electrical Production of the PV-BES System 

 

Table 14 above displays the financial details of the system while Table 15 and Table 16 present 

the electrical production values of the PV-BES model and provide the details of the production 

of each generation source respectively.  

Furthermore Figure 18 shows the monthly electrical production of the analysed scenario 

throughout the year.  
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Similar to the first scenario modelled, this scenario also relies 100% on renewable generation and 

storage sources and therefore has no GHG or pollutant emissions during its normal operation. 

Lastly, this scenario has a LCOE of $0.433/kWh.  

4.5.3 Scenario 3 – Wind-PV-BES 

The last scenario that was modelled and optimised was the Wind-PV-BES scenario. This system 

is expected to combine the benefits of both the wind and solar power to increase the efficiency of 

the production while meeting the demand. The model uses the Enercon E-115 turbine, generic 

1kW PV panels, and 1kWh Li-Ion battery storage (Table 17). A total of 74 E-115 turbines are 

needed along with 216 MW of PV and 1,276 MWh of battery storage.  

Table 17 - Wind-PV-BES System Architecture 

 

Table 18 present the net present value and annual cost of the Wind-PV-BES system, Table 19 

shows the electrical production of the different generation and storage units under scenario 3, and 

Table 20 presents a summary of the electrical outputs of the entire system. Similar to the previous 

scenarios, the project has a lifetime of 25 years. 

Figure 19 - Monthly Electrical Production of the PV-BES System 
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Table 18 - Net Present and Annual Costs of the Wind-PV-BES System 

 

Table 19 - Electrical Production of the different Components in Scenario 3 

  

Table 20 - Summary of the Electrical Production of the Wind-PV-BES System 

 

Furthermore Figure 19 shows the monthly electrical production of the analysed scenario 

throughout the year.  
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Figure 20 - Monthly Electrical Production of the Generation Sources in the Wind-PV-BES System 

Lastly, similar to the previous scenarios, 100% of the energy is provided from renewable sources 

and thus the GHG and pollutant emissions during operation are zero. This scenario also has the 

lowest LCOE out of all the scenarios analysed with a price of $0.225/kWh.  
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5 Discussion of Results 
In the previous chapter the HOMER software has been used to model and optimise three different 

scenarios and the results have been presented. This chapter will therefore focus on the analysis, 

discussion, and comparison of these results to answer the proposed research questions of the study 

and provide a full understanding of the different scenarios.  

Comparison of Results 
One of the main objectives of the study was to analyse whether an island with the size and 

population of Fuerteventura would be capable of meeting its entire electricity needs using only 

renewable generation and storage technologies. From the simulations and models, it can be seen 

that all three proposed scenarios were able to meet the electrical demand using 100% RE 

generation, however, they all used different technology combinations leading to varying results 

and system characteristics. It needs to be highlighted that the simulations have assumed that the 

entire generation system needs to be replaced including currently installed renewable capacity. 

Furthermore, it was also assumed the electrical grid of Fuerteventura was islanded and therefore, 

the connection with the electrical grid of Lanzarote was not used.  

Costs of the Systems 

Firstly, considering the capital cost of the scenarios, huge price disparities can be seen between 

the different scenarios. Scenarios 1 and 3 have the lowest capital costs with $1.75 and $1.53 

billion respectively, while scenario 2 has the highest capital cost by a wide margin with a price 

exceeding $3 billion. This price disparity can also be observed when comparing Tables 9, 13 and 

17. In these, the NPC (Net Present Costs) and the O&M costs are presented. In these tables, it can 

be clearly seen how the main component affecting the final price is the Li-Ion battery storage 

system. A trend is observed in which as battery capacity required decreases, so does the capital, 

NPC, and O&M costs. Scenario 3 has the lowest battery capacity at 1,276 MWh and also lowest 

prices, while Scenario 2 has the highest installed battery storage system at 2,089 MWh and has 

the highest capital, NPC, and O&M prices out of all 3 scenarios. The tables also show how the 

battery system always represents at least 53% and up to 63% of the total cost. Therefore, a 

reduction in battery storage prices over the next years could drastically reduce the overall cost of 

the scenarios and make it more economically feasible and attractive to investors. However, with 

the current global situation and the concern over lack of materials, the price drop in BES systems 

as a result of reaching technological maturity could be delayed considerably.  

Furthermore, the LCOE is also affected by the increased prices of the scenarios requiring larger 

installed battery capacities to ensure the demand is met, and as a result Scenario 2 has the highest 

LCOE at 0.433$/kWh while scenarios 1 and 3 have LCOE´s of 0.262 and 0.225$/kWh 

respectively. These prices, however, are not only due to the battery storage. The use of wind in 

scenarios 1 and 3 drives the LCOE down as the technology has a much higher capacity factor 
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than PV panels and therefore requires a lower installed capacity to produce a similar amount of 

energy.  

Moreover, when comparing the electrical production, installed capacity, and electrical overview 

of the different scenarios (Tables 10 and 11 scenario 1, tables 14 and 15 scenario 2, and tables 18 

and 19 for scenario 3), it is clear how the increased capacity factor of the wind turbines affect the 

overall system production. In the wind-only scenario, a total of 405 MW of wind are needed to 

supply the entire electrical demand whereas in the PV-only scenario, 1,517 MW of installed 

power are needed. This highlights the lower relative efficiency PV panels have compared to wind 

and this large capacity needed is one of the reasons the PV-only scenario has the highest NPC, 

capital costs, O&M, and LCOE prices.  

Furthermore, scenario 3, despite having the lowest overall system cost and lowest LCOE, has a 

larger installed capacity than the wind-only scenario with a total of 438 installed MW distributed 

evenly between wind and solar. However, a smaller and more efficient battery system drives the 

overall system costs down, making it the most economically feasible scenario out of all three 

options. Another characteristic seen in this scenario is that despite the grid system having 50% 

wind energy and 50% solar energy generation, 75% of the electrical demand of the island under 

this scenario is met using wind while the remaining is met using the solar generation. This further 

highlights the greater efficiency and impact wind energy has on the grid system.  

Battery Storage  

As already discussed, the battery storage plays the most important role in each scenario as it is in 

charge of mitigating the variability of the wind and solar production increasing the flexibility and 

stability of the system. Therefore, an exhaustive analysis of the differences of their performance 

under the different scenarios must be done.  

Firstly, comparing the installed battery capacity of each scenario and their annual electricity 

production, the different scenarios can be better understood. Scenario 1 has the lowest battery 

efficiency as it has a total capacity of 1,458 MWh and an output of 100,000 MWh/y while scenario 

2 has 1,276 MWh and a similar output of 99,000 MWh/year. This data suggests that the battery 

systems match the demand better when paired with a small percentage of solar PV generation 

sources as the large variability of the wind power might be impacting the efficiency of the 

batteries. This hypothesis is further proven when analysing data from scenario 2 in which a total 

of 2,089 MWh of battery capacity are installed, and an annual production 3.5 times bigger of 

345,000 MWh is achieved. This once again might prove that BES might not be the best 

technology to combine with wind power and other alternatives might need to be explored to 

increase the HRES’s overall efficiency.  
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However, rather than wind power affecting the performance and efficiency of the batteries another 

conclusion can be drawn. It can be seen that due to the increased production of the wind generation 

sources, the battery plays more of a backup role in these scenarios ensuring production and 

increasing both the grid stability and flexibility. Whereas in the PV-only scenario, the BES system 

also has to provide 50% of the electricity demand as solar energy is limited to day-time hours 

leaving at least 12 hours a day with no production from these sources. However, even though 

wind turbines produce in a more variable manner they do so throughout the entire day, improving 

their performance at night when the boundary layer stabilises, and average wind speeds increase 

at lower heights. This pattern can be observed when analysing the state of charge of the different 

scenarios, revealing that the charge and discharge of the BES occurs randomly when using wind, 

whereas scenario 2 shows charging occur during daytime and discharging occur during night-

time, when the demand is met using solely the BES.  

 This pattern is observed analysing the state of charge of the different scenarios in which for those 

using wind, the charge and discharge of the BES occurs in a random manner whereas for scenario 

2 charging clearly occurs during daytime and discharging during the night when the demand is 

solely met using the BES.  

 Moreover, looking at the box and whisker graphs of batteries in Appendix B, scenarios with wind 

power have a much higher average state of charge above 90% while the PV-only scenario has an 

average charge of 80% and a mean state of charge ranging from 100-60%. However, despite the 

PV-only scenario having a larger range of average state of charge, the maximums and minimums 

are more controlled and rarely drop below 40% while in scenarios 1 and 3 due to variability of 

the wind, it can be seen that minimums drop down to 20% frequently which can end up harming 

the battery as a bigger depth of discharge can reduce the batteries lifetime.  

Electrical Performance of the Systems 

Several other important characteristics that need to be addressed are the excess electricity 

production of the scenarios which reflect the electrical energy that must be curtailed as it cannot 

be used to meet the load or storage, the unmet load which is the electrical load the system is unable 

to meet, and the capacity shortage which represents a shortfall occurring between the actual 

needed capacity and the operating capacity. HOMER provides data for these three categories, and 

they can be used to assess the performance of the scenarios.  

All three scenarios have an electricity production much higher than the annual demand of the 

island as seen in Tables 10 and 11, 14 and 15, and 18 and 19. This is reflected in the excess 

electricity in which scenarios 1 and 2 have values of 68% and 72% of excess electricity 

respectively. This means that 68 and 72% of the produced electricity in the entire year is being 

curtailed. Moreover, scenario 3 has an excess electricity percentage of 55% which is a significant 
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reduction but still implies more than half of the produced electricity is being lost. This is a major 

issue as these large values of curtailment imply that large losses are occurring in the system 

increasing the systems costs and reducing the economic benefits. The greater efficiency seen in 

scenario 3 is most likely due to the use of two different generation sources rather than just one 

which allows diversification of the supply and complementarity, improving the system’s 

flexibility and stability and further reducing the intermittency of the supply. Furthermore, it needs 

to be clarified that these excess electricity values are not used for the LCOE calculations in 

HOMER, only the electricity used to meet the annual demand is considered in the calculations.  

The excess electricity values become more worrying when analysing the unmet load and capacity 

shortages occurring in the system. From Tables 11, 15, and 19, it is clear all three systems 

experience similar capacity shortages of around 0.05% and fail to meet the demand approximately 

0.1% of the time. These values are low, but still show that the system would fail to supply the 

demand at least once per year causing power outages in parts of the island. This is unacceptable 

knowing over 50% of the produced power is being curtailed. These values show the scenarios 

seem unrealistic with such high electrical losses and curtailment occurring. Therefore, to solve 

this issue, different solutions can be put in place. 

Firstly, from a technological perspective, different approaches could be taken to reduce the excess 

electricity produced by the HRES and ensuring that the demand is met 100% of the time. Most of 

the technologies that will be proposed have already been discussed in the literature review. DSM 

can be used to better regulate the electricity in the system by shifting the electrical consumption 

patterns of the users to better match the energy production and therefore reducing curtailment and 

losses. V2G can be implemented to store the excess electricity produced in vehicles, to be used 

later when it is needed. This can be combined with DSM to improve the grid flexibility and reduce 

the curtailment time and electrical losses. However, as of April 2022 out of the 95,000 cars on 

Fuerteventura only 273 are EV making this solution currently unfeasible. Despite this, the 

Canarian government released a plan in 2020 in which by 2040 they hope for all cars in the islands 

to be electric, therefore using V2G technology in the future will provide the expected benefits 

(Gobierno de Canarias, 2020; ISTAC: Estadísticas de la Comunidad Autónoma de Canarias, 

2022).   

Furthermore, the most feasible and realistic solution would be the interconnection of the 

neighbouring islands of Lanzarote and Gran Canaria to export excess electricity produced, 

increasing the stability and flexibility of these grids, and helping the decarbonisation of these 

systems. An interconnection to Lanzarote already exists consisting of 132 kV cables. If this 

connection is used, a large part if not all of the 860,000 MWh/y demand of Lanzarote can be met 

under all three scenarios which would drastically reduce the excess electricity values and most 
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likely would have helped preventing shortfalls as it would provide greater grid stability. An 

interconnection to Gran Canaria, would further strengthen the grid and help decarbonise the 

archipelago’s generation infrastructure.  

Moreover, as proven in scenario 3 greater diversification of the generation and storage facilities 

could help solve the excess electricity, capacity shortage, and unmet load issue. Technologies 

such as HES, CAES, or wave energy could be potential solutions due to the conditions present at 

the island.  

Lastly, system management could be improved to better control the supply and demand. As the 

scenarios rely on distributed generation across the entire island, a centralised management system 

is not ideal as it is unable to track all energy transactions and effectively match the demand and 

supply of the load to maximise efficiency and reduce losses. For these distributed systems, a 

decentralised management approach would be more beneficial as all data can be recorded and 

tracked precisely allowing for easier distribution of the load through the grid. Blockchain 

technology can provide this decentralised management approach providing numerous benefits to 

the grid. However, this solution would not be able to reduce the excess electricity values as much 

and would rather improve the systems efficiency and reduce losses.  

Space Availability, Environmental and Visual Impacts 

The last main issue that appears when analysing the proposed scenarios and comparing it to the 

current grid of Fuerteventura is that of space availability. Despite the large amounts of GHG 

emissions traditional diesel generators and gas turbines produce and their negative effect on the 

surrounding environment, there is a reason they remain the main electricity source in most islands 

worldwide, their compactness, constant power production, and flexibility to vary production. 

Fossil fuel generators have the advantage of using very energy rich fuels, requiring small surface 

areas to meet large demands. Currently, and as mentioned in section 4.2, 80-90% of the electrical 

generation of Fuerteventura takes place in a small facility occupying no more than 10 ha in the 

capital city of Puerto del Rosario. This differs from renewable technologies which typically 

require large surface areas to meet large electrical demands.  

Fuerteventura has a total Surface area of 166,000 ha, out of which just 10 ha are used to cover 80-

90% of the electrical demand with an installed capacity in that surface area of 187 MW. 

Furthermore, the entire island is considered a Biosphere Nature Reserve, and a large part of the 

island is also either protected under the Natura 2000 scheme or as part as avifauna protection due 

to large presence of endemic and endangered species on the island (GRAFCAN - Mapas de 

Canarias, 2022). The island is also home to 120,000 residents and 200,000 tourists each month. 

This has meant that a total of 2300 ha are already occupied by touristic complexes, roads, or 

industries among others (GRAFCAN - Mapas de Canarias, 2022). This further highlights the 



59 

 

limited space availability on the island for the installation of large wind farms both on- and off- 

shore or solar farms.  

To meet the entire demand, the proposed scenarios required installed capacities ranging from 405 

MW in scenario 1 up to 1,517 MW in scenario 2. These scenarios, not only have more installed 

capacity, but the energy sources used require much more space to produce the same energy as the 

systems using fossil fuels. It is estimated that 1 kW of solar energy needs 8.35 m2, while 1 onshore 

turbine typically requires a circular surface area of 6 rotor diameters around it. Table 21 shows 

the estimated land surface needed for the installation of each of the scenarios. It has been assumed 

for scenario 1 that 15 wind farms with 9 turbines are installed while for scenario 3, 12 wind farms 

of 6 turbines are needed along with two separate turbines.  

Table 21 - Estimated surface area needed for installation of the different scenarios (GRAFCAN - Mapas de Canarias, 

2022) 

 

From Table 21 it can be seen how for scenarios 1 and 3, which include wind turbines, a significant 

part of the island’s surface area would be needed to meet the electrical demand. Using such large 

areas in an island in which most of the terrain is protected due to nature conservation could cause 

major environmental impacts and uproar from conservation groups. The installation of this 

amount of turbines would most likely have a negative impact on the avifauna of the island as it is 

home to many migrating birds and serves as a resting place for those travelling across the ocean 

or to Africa. However, land areas beneath wind turbines can be used for agriculture and cattle 

which mitigates the effect of the large surface areas required.  

On the other hand, despite needing a much larger installed capacity, scenario 2 would require a 

much smaller surface area to be able to meet the demand and would have a reduced impact on the 

environment. Although, as opposed to wind farms, as solar panels are installed at ground level, 

the area occupied by these cannot be used for other activities meaning the land surface occupation 

remains similar for both technologies. Moreover, to mitigate the negative impacts the installation 

of solar farms can have in open fields on the island, it is proposed that the installation of the entire 

capacity of PV is done on the rooftops of the residential buildings. According to Grafcan 

(GRAFCAN - Mapas de Canarias, 2022), 1712 ha on the island are used for residential housing. 

This surface area is larger than the needed for the installation of the 1,500 MW of solar PV and 

therefore would drastically reduce the impact of scenario 2 on the environment.  
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The large installation of wind farms on the island will have a considerable visual impact. The 

selected wind turbines are Enercon E-115 turbines with hub heights of 122 m and rotor diameter 

of 115 m, meaning a maximum height of 180 metres. These would drastically stand out in the flat 

and arid landscape of Fuerteventura and will receive criticism from the society as the population 

in the islands is very conservative and traditionally opposes radical or drastic changes of any kind 

regardless of the many benefits the new technology or system may bring (Marrero, Hernández-

Cabrera, Fumero and Hernández, 2021; Hernández, 2022). Moreover, the visual impact would 

also affect the tourism which is the main economic income of the island. Even though some 

tourists would not mind seeing wind farms across the island and might even like them as it is a 

sign of sustainability, a large majority might dislike them as it disrupts the natural and wild 

landscapes of the island.  

Alternative Energy Scenarios 

To mitigate the possible environmental and visual issues arising from the installation of the large 

wind farms required in scenarios 1 and 3, alternative scenarios can be studied. Several different 

scenarios can be proposed to reduce both the environmental and visual impacts.  

Firstly, the first alternative scenario proposes replacing the 3MW turbines with 3kW micro wind 

turbines entirely. To provide the most accurate alternative possible, scenarios 1 and 3 were re-

calculated in HOMER using the 3kW turbines with their own specifications instead of the 3MW 

turbines. Under this alternative scenario a total of 110,000 turbines would be needed for the Wind-

PV scenario and over 300,000 for the wind-only scenario. Despite the large number, the flexibility 

of these turbines to be installed in rooftops or gardens, their ease of installation, and lower surface 

area requirement would reduce the environmental impact and massively mitigate the visual 

impacts caused by the 3 MW turbine. These micro turbines would have a total height of 25 metres. 

However, overall costs of the scenarios would be much higher.  

Secondly, a scenario in which both micro wind turbines and 3 MW turbines are used can be 

analysed. Under this scenario a small number of 3 MW turbines would be built in areas were the 

impact is minimised and the rest of the capacity is met using micro wind turbines entirely or a 

combination of micro turbines and PV. These scenarios will likely have lower economic costs 

than an entire micro wind scenario while also having a similar environmental and visual impact.  

Thirdly, offshore wind could be considered to meet the electrical demand. Fuerteventura offers 

an excellent offshore wind resource which could be used to move the turbines from land to the 

offshore environment to try and reduce the visual impacts. Installing an offshore wind farm to 

meet the electrical demand would require between 300 to 400 MW of installed capacity and if 

placed several kilometres offshore would drastically reduce the visual impacts. However, the 

Canarian archipelago is volcanic and thus has deep waters surrounding the islands reaching depths 
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which exceed 3,000 m at just a few kilometres from the coast. This would present a major 

technological limitation and would force the offshore farm to be located close to shore which will 

not help reduce the visual impacts. Furthermore, Fuerteventura is also home to a wide variety of 

marine flora and fauna which would mean that the environmental impacts would not be mitigated. 

Lastly, and as proposed previously, further diversification of both the generation and storage 

could reduce the environmental and visual impacts. Implementing wave energy or hydro power 

would diversify the supply increasing the systems efficiency and would use two methods which 

have limited impact in the environment and are not visually aggressive. Numerous alternative 

scenarios could be considered and studied to fully understand which would be the best 

combination of resources capable of meeting the demand while mitigating the issues discussed.  

Application of Blockchain in the Study 

Furthermore, as mentioned in the literature review, blockchain has numerous applications within 

the energy sector, some of which could be applied to the proposed scenarios to improve its 

performance and mitigate some of their negative aspects.  

One of the biggest obstacles to the implementation of the system is its high capital costs, including 

an expensive initial investment. The costs of scenarios ranges from $1.5 billion up to $3 billion 

in total capital costs. To mitigate this, cryptocurrencies and tokenisation of the resources can be 

used. The idea would consist in launching an ICO with unique cryptocurrencies and energy tokens 

related to the project. During this ICO, investors (e.g., utility companies, banks, island residents, 

or network users) would be encouraged to purchase some capacity in the system by which they 

would later be rewarded an energy token for each unit of electricity being produced. This token 

can then be used for trading within the system. The ICO system can be complemented with 

traditional capital funding to increase the economic feasibility of the project.  

By applying this, the necessary investment needed for the project does not rely only on one or a 

few companies, but rather on anyone with an internet connection and with interest in the project. 

The general population would be encouraged to help with their own investments, receiving 

rewards proportionally in return. Therefore, the burden of such a large investment would be 

distributed across numerous organisations and people, making the system economically feasible 

and ensuring proportional rewards to the investment made.  

Another issue that has been encountered is that of the system’s efficiency. All scenarios have 

large values of excess electricity production and still have times in which the load is not met or 

there is a capacity shortage in the system. To mitigate this issue, blockchain can be used in two 

different ways. The first would be through the implementation of P2P trading.  
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The implementation of P2P trading would mean that all users of the electrical grid system, both 

prosumers and normal users, would buy and sell electricity from each other, removing the need 

for a centralised energy market and removing intermediaries from the system which, therefore, 

reduces the electricity prices (Andoni et al., 2019). The idea could potentially further push the 

decentralisation of the system and could have many benefits. Using the P2P trading platform, 

electricity prices could potentially be much lower than the ones seen in today’s markets as these 

are driven by fossil fuel prices while the prices in the platform would depend on the LCOE of 

renewables which are cheaper than that of fossil fuels (IRENA, 2021c; Esmat et al., 2021). This 

trading platform could theoretically also encourage prosumers to invest in renewables as they 

could see the possible profits that could be obtained from the system. From this a reduction in 

electricity prices in the system could be observed and a larger margin of profit could possibly be 

obtained from each unit of electricity sold, reducing the payback time of the investment made.  

Secondly, from a management perspective, the use of a P2P market and smart contracts could 

improve the grid balance increasing its flexibility and stability and ultimately aiding in reducing 

the total excess electricity produced and ensuring unmet load and capacity shortages do not occur. 

This is done as in a P2P market, supply and demand values for electricity are updated in real time 

and therefore can also be matched in real time ensuring the demand is always met, limiting the 

excess supply of electricity. This process can be further optimised by the use of smart contracts. 

Using these, the process of matching the electricity production to the demand is done in an 

automatic manner without the need for user interaction increasing its speed and ensuring all 

requirements for the electricity exchange are met and supply and demand are matched. However, 

even if some of the excess electricity could be reduced using this, most of it would still remain 

and other solutions as the ones mentioned previously are needed to solve the issue.   

Despite the benefits of the P2P market and smart contracts, there are numerous challenges that 

the system needs to overcome for its correct and legal implementation. The biggest of these are: 

technological constraints such as need for smart meters in all generation sources and households 

to track electricity through the grid, regulatory constraints as currently no regulatory framework 

exists in Spain for such a system, and human constraints. This last one entails the need of all 

prosumers in the network to participate in the trading as otherwise selling and buying prices would 

be non-optimal, and there is also a need for the users to understand how the system would work 

and the benefits it would give them. The complexity of such a system can be a major limitation 

especially for the elderly population which is not as familiar with current technological 

advancements and could present a major challenge for the implementation of the technology. 

From this another challenge could be that of social acceptance as something as new and 

revolutionary as this might experience early backlash which could hinder its implementation.  
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Research Questions 

Using the analysis of the results and the discussion of the problems and the different solutions, 

the research questions presented at the start of the study can now be answered.  

- Can a community that depends heavily on fossil fuels become 100% renewable 

through the use of distributed generation? 

Firstly, it has been proven that replacing the current grid system with a 100% RE system using 

distributed generation would be technologically possible as all 3 scenarios meet the entire island’s 

demand. However, the biggest issue encountered is the economic feasibility. This is widely 

discussed above, and it is seen how it is one of the major obstacles the system faces, especially 

due to high prices of the battery storage.  

- How will the role of TSO’s (Transmission System Operator) and DSO’s 

(Distribution System Operator) be affected by this new system?  

Secondly, to answer how will the role of the TSO’s and DSO’s be affected, we need to consider 

the whole system and the proposed technologies to be used such as blockchain. In this proposed 

system with distributed generation, the current installed grid would still be used to distribute the 

energy across the island as replacing the entire grid would further increase the costs of the system 

and would make it unfeasible. Therefore, the TSO would still perform O&M tasks to ensure the 

physical network operates properly. On the other hand, DSO’s would still be able to operate the 

distributions system but would not be the ones in charge of selling the electricity and would 

function as supervisors to ensure the trading platform operates appropriately and make any 

adjustments if necessary. Both the TSO ad DSO could be compensated for the work being 

performed and will also be encouraged to participate in the ICO to increase their benefits.  

On the other hand, if the system were operated using the distributed generation but without the 

blockchain, the role of the TSO’s and DSO’s would remain the same as in the current system. In 

which they are in charge of operating the grid, selling the electricity, and performing regular 

O&M.  

- Is a decentralised system feasible and reliable to ensure a supply for all electricity 

demands? 

Through the modelling and optimisation of the systems and analysing the results obtained it can 

be said that a decentralised system such as the one proposed is capable of supplying and meeting 

all the electrical demand of the island in a reliable manner proving its technological feasibility. 

However, doing this in an economically feasible manner remains unknown. From results 

obtained, capital costs seem excessively high, but annual profits of the system are unknown and 

therefore it is impossible to tell whether the system would be economically feasible. 
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- Can decentralised grid systems replace current centralised systems for energy 

generation? 

Similar to the previous question, the models analysed do show that a decentralised grid can 

replace the current grid of the island and is capable of meeting the entire electrical demand, 

however, a larger and in-depth analysis of the economics and technologies needed to make it 

possible would be required. The current systems proposed had too much excess electricity 

production and still had some unmet load and capacity shortages, therefore different technologies 

need to be investigated along with management models to ensure the system is capable of 

operating smoothly.  

This decentralised system would also need the large-scale implementation of renewable energies 

and would face visual and environmental impacts as specified above. Furthermore, regarding 

management the use of decentralised management using blockchain is suggested although several 

issues such as technological or regulatory would arise and need to be overcome.  

- What is the role of consumers in the decentralisation of the systems? 

The role consumers can play in the system can differ depending on the management approach 

taken. If a similar approach to the one currently in place is taken, in which the TSO and DSO 

operate and manage the entire system, then the role of the consumer would be just that of using 

the electricity and paying the DSO for their service. On the other hand, using a decentralised 

management with blockchain as it has been proposed, the consumer would be an essential part of 

the system.  

In this decentralised system, both consumers and prosumers need to be proactive and participate 

in the P2P trading platform either by buying and/or selling electricity. This could ensure electricity 

prices to remain low and affordable for all users in the system. Furthermore, if their participation 

is constant in the electricity exchange, it could increase the grid’s reliability and stability as the 

grid is regulated through the use of the market.  
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6 Conclusions 
The report has aimed at analysing the possibility of decarbonising the electrical grid of 

Fuerteventura and implementing a 100% renewable system. This has been done by analysing the 

current electrical grid of the island, proposing three different scenarios using wind, PV, and BES, 

and modelling them using HOMER Pro.  

From the results and the discussion conducted above, all three scenarios were capable of meeting 

the current electrical demand of the island. However, several issues and barriers have been 

encountered which may hinder the development and installation of such systems in the near 

future.  

Regarding the capital costs and LCOE of the different scenarios, it is clear that replacing the entire 

generation capacity of the grid will always come at a high cost, but in this case, the high prices of 

BES systems have largely increased these prices. Capital costs for all scenarios ranged between 

$1.5 and $3 billion with scenario 3 being the cheapest with the BES accounting for 63% of the 

investment, and scenario 2 being the most expensive with the BES accounting for 53% of the 

investment. Similarly, these high prices were reflected in the LCOE with a price of 0.225 $/kWh 

being the lowest for scenario 3 and the highest at 0.433 $/kWh under scenario 2. To mitigate the 

high capital costs of the system the use of an ICO is proposed. While for the reduction of the 

LCOE, diversification of the generation and storage facilities using cheaper technologies, such as 

hydropower, might be the best solution until costs of BES start decreasing.  

Furthermore, even though all scenarios met the electrical demand of the island, one of the biggest 

problems encountered were the high values for excess electricity produced under all three 

scenarios.  

The system was producing more than double of the necessary electricity for the grid, with scenario 

3 producing a total of 1,600 GWh/y to meet the island’s annual demand of 685 GWh/y showing 

that 55% of the total annual production was excess electricity. Similarly, scenario 1 had an annual 

production of 2,200 GWh/y while scenario 2 had a production of 2,700 GWh/y to meet the 

island’s demand. This indicated that scenarios 1 and 2 had an excess electricity percentage of 68% 

and 72% respectively of their annual production. This implied that the system was highly 

inefficient most of the time. Moreover, results from HOMER Pro showed that even under these 

conditions there were still times where the load went unmet and capacity shortages occurred. To 

solve these problems, several options were discussed such as: 

- Diversification of the generation and storage to increase efficiency and flexibility of the 

system. 

- Use of DSM and/or V2G technologies to improve distribution and management of the 

electricity. 
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- Decentralised management to increase the system flexibility and efficiency. 

- Use of blockchain technology to move from a 15-minute market into a real-time market 

matching demand and supply in real time and allow for tracking of electrical production. 

- Interconnection to other islands to export excess electricity produced. 

All these are expected to help reduce this excess electricity value, but the best solution would be 

leaving the electrical system as it is and export the excess electricity to the neighbouring islands 

as these also heavily rely in fossil fuels to meet their electrical demand.  

Lastly, space availability on the island, environmental, and visual impacts were also considered. 

These proved to be a larger issue than expected as the large 3MW wind turbines would stand out 

a lot in a flat and arid landscape and could be negatively received by residents and tourists as it 

could be seen as intrusive in the landscape. The turbine installation would occupy 6.88% and 

4.24% of the islands surface area under scenarios 1 and 3 respectively which is a large area 

considering the limited space available in Fuerteventura. However, area under wind turbines can 

still be used for cattle and agricultural purposes so its biggest disadvantage would be the visual 

and environmental impacts. PV panels posed a smaller issue as they can be installed in rooftops 

as opposed to open fields and would therefore have a much lesser environmental and visual 

impact.   

Overall, all three scenarios were capable of meeting the electrical demand of the island, but its 

high costs, large excess electricity values, and environmental and visual impacts pose serious 

challenges that need to be overcome before a similar system can be considered for its 

implementation. Scenario 3 showed the most promising results regarding costs of the system and 

efficiency and highlighted how the diversification of the generation could reduce the issue of the 

excess electricity production in the system. Therefore, it is recommended a similar system with a 

wider variety of generation and storage solutions is used for large-scale systems in islanded grids 

similar to the one analysed during this case study. Scenario 3 would also need to be modified to 

include the interconnection to the neighbouring islands of Lanzarote and Gran Canaria to handle 

the excess electricity production.  

Limitations of the Study 
Throughout the study, several limitations have been encountered which have led to alternative 

methods being used and can lead to future research proposals.  

Firstly, this study has focused on the island of Fuerteventura and therefore the results obtained 

cannot be generalized or extrapolated to other islands around the globe, other than Lanzarote 

which has a similar orography and renewable resource, as specific costs, technologies, and system 

design may differ. Nevertheless, the methodological method proposed in the study can be applied 

to similar cases worldwide.  
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Secondly, a limited number of technologies and scenarios have been analysed in this study and 

other HRES with hydro, micro wind, HES, or wave energy might provide better performance and 

economical results than the ones presented throughout the report.  

Thirdly, HOMER cannot provide estimates of the land the different systems analysed will occupy. 

Therefore, average areas of the technologies have been used to provide estimates of the total land 

occupation of the different scenarios proposed.  

Fourthly, one of the main limitations encountered was the inability to calculate the payback times 

of the system as HOMER Pro is not capable of simulating market infrastructures for buying and 

selling electricity and other tools or methods were not used in the study to solve this problem. 

Therefore, it is unknown whether the scenarios can become economically feasible or not.  

Furthermore, despite the numerous potential applications and benefits blockchain technology 

could bring to such a system, before its implementation several issues need to be solved. Firstly, 

a large investment would be needed for the equipment necessary to set up a marketplace such as 

the one proposed and be able to track the electricity through the entire grid. Lastly, the biggest 

issue would be legislation. Currently there is no legislation in Spain which covers or regulates an 

energy trading platform using blockchain so this would be the first step required to implement 

this system.  

Future Research Proposals 
As the study has shown, there are numerous areas in the project which would require further 

investigation to understand the full implications of the implementation of a similar system in a 

real-world scenario. Some proposals have been made throughout the report, but this last section 

will discuss future research proposals related to the study.  

One of the most discussed future proposals throughout the study is the investigation and analysis 

of different HRES under similar conditions to compare their performance and determine which 

systems would perform best. These studies could focus on assessing the performance of different 

storage facilities such as HES or hydro-pumped facilities in similar conditions and how possible 

combinations of these with BES would affect the electrical grid system. Furthermore, the benefits 

of using different generation technologies such as wave, geothermal, or hydro could be 

investigated and compared against results from this study to determine the best possible 

combination of generation sources and storage facilities to reduce capital costs and increase the 

efficiency of the system.   

Similarly, an MCDA (Multi Criteria Decision Analysis) approach could be taken to analyse and 

compare the performance of numerous combinations of generation and storage technologies. This 

study would use the main issues encountered in the study as key parameters, such as, capital costs, 
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LCOE, environmental impacts, visual impacts, space availability, or technological readiness 

among others. This type of MCDA study would compare numerous different technologies under 

different criteria to reach a compromised solution to problems such as excess electricity or 

capacity shortage. By doing so a better understanding of the functioning and effects of the system 

are obtained before its possible implementation.   

Regarding blockchain, a study in which energy modelling systems such as HOMER Pro, 

blockchain technology, and a regulatory framework are interconnected within the same system 

would produce huge benefits for the implementation of blockchain in energy projects. Such a 

study would aim to draw an outline of the regulatory framework needed for the implementation 

of a blockchain-based energy trading platform. This legislation would aim to regulate the market 

and ensure all transactions and actions taken are registered and follow a clear code of conduct and 

set of rules. This project would largely help the implementation of a system such as the one 

proposed in the study as lack of regulation of blockchain is one of the main issues currently faced 

by the technology. Moreover, such a system would ideally be capable of modelling and simulating 

P2P trading platforms which can provide a better understanding of the economics of these 

systems.  

Lastly, a study assessing the possible interconnection of the islands of Gran Canaria, 

Fuerteventura, and Lanzarote could be proposed. This study would ideally focus on the economic 

and technological feasibility of the system and investigate the possibility of implementing a 

generating infrastructure similar to the one proposed in the study to analyse the performance of 

the system and provide a better understanding of its functioning. The benefits and hindrances of 

the system would need to be carefully analysed to determine the feasibility of the system.  
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Appendix A 
Table 22 - Hourly Demand Data of Fuerteventura (January - June 2019) 
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Table 23 - Hourly Demand Data of Fuerteventura (July- December 2019) 
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Appendix B 

 

Figure 21 - Battery State of Charge for Wind-BES System 

 

 

Figure 22 - Battery State of Charge for PV-BES System 

 

 

Figure 23 - Battery State of Charge for Wind-PV-BES System 

In the above figures, the variability of the state of charge under the different scenarios is shown. 

For all graphs, the highest and lowest values represent the overall maximum and minimum of 

each month respectively. Furthermore, the within the box three values are observed. The top and 

bottom ones represent the average daily maximum and minimum state of charge of the batteries 

respectively. Lastly, the line in the middle of the box shows the overall daily average state of 

charge.  

 


