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Abstract 

 

Renewable energy sources (RES) are the main priority for the European Union (EU), as evidenced by 

the institutional framework introduced over the past few decades leading to the increasing 

penetration of RES in the energy balance worldwide. Renewable energy sources are becoming 

increasingly popular as the world looks to transition away from fossil fuels and reduce greenhouse 

gas emissions (GHG). Also, the necessity for carbon-free technology, such as RES applications, to meet 

the world's electricity needs, is driven by climate change. The renewable energy target for 2030 was 

set at a minimum of 32% of gross final consumption, 32.5% for energy efficiency, and a minimum of 

40% reduction in GHG under the Renewable Energy Directive 2018/2001/EU (RED II). The transition 

to renewable energy sources offers several benefits, including reducing GHG, reducing energy costs 

and increasing energy security by relying on local, sustainable sources of power. The increasing 

penetration of RES in the power mix has led to new challenges in balancing supply and demand. Wind 

and solar energy are intermittent and dependent on various climatic factors, making it challenging to 

forecast energy availability and meet immediate electricity demand. The solution to this problem is 

to use hybrid renewable energy systems (HRES), which combine at least one form of RES and at least 

one form of energy storage technology to store surplus renewable energy that cannot be utilized 

immediately.  

This research aims to develop a comprehensive approach for the integration of renewable energy 

sources in meeting energy and water needs in remote islands, by exploiting both their wind and solar 

potential, as well as different storage technologies for the storage of surplus renewable energy. The 

study area is Fournoi Korseon, an island in the North Aegean Sea. A methodology for the evaluation 

of eligible sites for the installation of wind turbines is developed, using a combination of Multi-Criteria 

Decision-Making (MCDM) and Geographic Information Systems (GIS) and considering various 

technical, environmental, and legal criteria for the design of a wind farm. Afterwards, energy 

management strategies are described based on single or hybrid storage methods, depending on the 

storage technologies of seven different scenarios, resulting in the reliability analysis of each HRES and 

the estimation of economic and environmental indices. Finally, the methodology for calculating the 

rejected energy during the operation of an HRES is presented.   
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1 Introduction 

 

 

1.1 Renewable energy sources 

Renewable energy sources (RES) are the main priority for the European Union (EU), as evidenced by 

the institutional framework introduced over the past few decades leading to the increasing 

penetration of RES in the energy balance worldwide (Dalala et al., 2022; I. Khan et al., 2022). 

Renewable energy sources are becoming increasingly popular as the world looks to transition away 

from fossil fuels and reduce greenhouse gas emissions (GHG). The environmental impact of RES is 

generally negligible when compared to conventional energy sources (Dhar et al., 2020). Also, the 

necessity for carbon-free technology, such as RES applications, to meet the world's electricity needs, 

is driven by climate change (Potashnikov et al., 2022). These sources of energy are sustainable and 

can be replenished naturally over time, making them a more environmentally friendly and long-term 

solution for energy needs. The balance between emissions and removals by 2050 is the ultimate 

objective. The renewable energy target for 2030 was set at a minimum of 32% of gross final 

consumption, 32.5% for energy efficiency, and a minimum of 40% reduction in GHG under the 

Renewable Energy Directive 2018/2001/EU (RED II) (Directive (EU) 2018/2001, 2018). 

Wind Energy is generated by wind turbines. Wind turbines are tall, slender towers with large blades 

that spin in the wind. The spinning blades generate electricity, which can be used for electricity 

demands. Wind energy is a clean and renewable source of energy, and it is also becoming more 

affordable as technology advances. Wind turbines can be installed on land or in the ocean, and they 

have a relatively small footprint, making them a good option for areas with limited space. One of the 

most appealing RES for distant areasΩ load demands is the use of wind turbines, not only because of 

their low initial costs but also because of the variety of industrial and domestic systems they can 

supply (Farh et al., 2022). Also, compared to solar panels, wind turbines require less land space, and 

compared to hydroelectric energy cause less transformation (Ioannidis & Koutsoyiannis, 2020). Wind 

energy displays a declining trend of the Levelized Cost of Energy (LCOE) (Canbulat et al., 2021), and 

in 2019 it had a global energy production capacity of 650.8 GW (Finnegan et al., 2021). By 2030, this 

capacity is predicted to increase to 1000 GW (Subramanian et al., 2021). However, it is also crucial to 

take into account how wind turbines affect landscapes' visibility (Bilgili & Alphan, 2021). Also, blades, 

the most significant and expensive component of a wind turbine, increase the operation and 

maintenance cost, particularly in offshore turbines which coincide with the migratory routes of birds 

as a result of global warming (Celik et al., 2022).  
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Solar energy is also one of the most popular renewable energy sources. Solar panels can be installed 

on rooftops, in fields, and on the sides of buildings (Jouttijärvi et al., 2022) to exploit solar irradiance 

and convert it into electricity. Solar panels operate in silent mode, have low transport costs and & 

zero maintenance and operation costs (Nirmal Mukundan et al., 2020), however, they also have a 

high initial cost, require relatively large surfaces for installation (Giamalaki & Tsoutsos, 2019), due to 

the low power density of solar radiation, and need periodic cleaning to avoid reduction of efficiency 

due to pollution (Kazem et al., 2020). 

Hydroelectric energy is generated by harnessing the natural flow of moving water to generate 

electricity. Dams are built across rivers to create reservoirs, and the water is then released through 

turbines to generate electricity. Hydroelectric energy is a clean, more efficient and reliable (Wang et 

al., 2023) renewable source of energy. Additionally, hydroelectric energy can be stored in reservoirs, 

which means that it can be used when needed. However, the construction of a reservoir can be 

expensive, and it is anticipated to have negative environmental effects, including a significant impact 

on biodiversity and land use (Dorber et al., 2020; Swanson & Bohlman, 2021). On the other hand, 

besides the benefits of power generation, if they are well-designed, these projects have the potential 

to mitigate various negative effects and advance ecotourism in the area, providing positive 

socioeconomic effects and promoting sustainable growth. Examples of such typical situations are 

found in Karditsa, in Greece,  the  Plastira Lake (Sargentis et al., 2021) and in China, on the Yangtze 

River, the Three Gorges Dam (Xia et al., 2018). 

Biomass energy is generated from organic materials, such as wood, agricultural waste, and municipal 

solid waste. These materials are burned to generate electricity or heat. Biomass energy is a renewable 

source of energy, and it can help reduce waste by using materials that would otherwise be discarded. 

However, the use of biomass is associated with disadvantages such as broad distribution, low energy 

density, and an imbalanced seasonal supply (Yang et al., 2019). Geothermal energy is accumulated in 

the earth's crust. Direct use of this energy is possible for space heating. This kind of power plant often 

emits incredibly low pollution (Bravi & Basosi, 2014). Geothermal energy has seen an increase in 

direct use in recent years of 8%, with the majority of this energy going toward space heating and  only 

a few locations on earth are eligible to extract it (Rahman et al., 2022). Oceans are also significant 

fossil fuel substitutes because they store energy in a variety of ways, including thermal energy 

by exploiting the temperature difference between warmer surface water and cooler bottom 

water, kinetic energy from the waves and tides, chemical energy by chemicals from the ocean and 

biological energy from ocean biomass (M. Z. A. Khan et al., 2022). These are relatively new 

technologies and are still in the early stages of development but have the potential to play a 

significant role in the global energy mix. Osmotic power plants, a comparatively recent type of RES 

with significant potential, harvest renewable energy by using two independent water columns with 

different salinities that are separated by a semipermeable membrane (Rahman et al., 2022). 
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The EU and individual states both suggest new regulations for the use of renewable energy sources. 

The Green Paper "Energy for the Future" from the European Commission (Energy for the Future, 

1997) for environmental protection is credited as marking its commencement in 1997. According to 

Directive 2009/28/EC (Directive 2009/28/EC,2009), the National Action Plan for reaching a 20% 

contribution of renewable energy in total energy consumption by 2020 has been released. It contains 

estimations for the growth of the energy industry and the adoption of RES technologies by 2020. The 

20-20-нл 9¦ /ƭƛƳŀǘŜ ŀƴŘ 9ƴŜǊƎȅ tŀŎƪŀƎŜΩǎ ǘƘǊŜŜ Ƴŀƛƴ ǘŀǊƎŜǘǎ ŀǊŜ ŀ нл҈ ǊŜŘǳŎǘƛƻƴ ƛƴ GHG, a 20% 

increase in the share of renewable energy sources in final energy consumption, and a 20% 

improvement in energy efficiency, all by the year 2020. The 20-20-20 targets are the response to the 

growing concern about the impact of climate change and the need to reduce GHG. The 20% reduction 

target for GHG is based on 1990 levels and applied to the EU as a whole. To achieve this target, the 

EU put in place a number of measures, including the EU Emissions Trading System (ETS), which is first 

launched in 2005 (Sato et al., 2022) and places a cap on emissions from the energy and industrial 

sectors and allows companies to trade emissions allowances. On 14 July 2021, it was proposed by the 

European Commission (EC) the extension of the scope of ETS in order for GHG from the maritime 

sector to also be included (Lagouvardou & Psaraftis, 2022).  The 20% target for renewable energy 

sources aims to increase the use of renewable energy sources in the energy mix and reduce 

dependence on fossil fuels. To achieve this target, member states are required to develop national 

renewable energy action plans and to increase the share of renewable energy sources in electricity, 

heating, and transport. The 20% improvement target in energy efficiency refers to the improvement 

of energy efficiency in buildings, industry, and transport. This target aims to reduce energy 

consumption and the associated GHG, while also promoting cost savings and increased energy 

security. The 20-20-20 targets have a significant impact on the energy and climate policies of the EU 

and its member states. It encourages investment in renewable energy sources (Turan & Uyar, 2022) 

and energy efficiency measures, and it helps to drive innovation in the energy sector. One of the main 

challenges of the 20-20-20 targets is ensuring that all member states are able to meet their targets. 

While some member states can achieve their targets in advance of the 2020 deadline, others face 

significant challenges, particularly in meeting the renewable energy target (Brodny & Tutak, 2023). 

Some member states face a lack of suitable renewable resources or a lack of funding for renewable 

energy projects (Madaleno et al., 2022). According to EEA (European Environment Agency, 2021), by 

2020, the EU has reduced its GHG by 31%, exceeds its target for renewable energy sources with a 

21.3% share in the final energy consumption, and achieves a 17.5% improvement in energy efficiency. 

Greece, being a member of the EU, takes part in the EU's overarching initiative to enhance the share 

of renewable energy sources in the energy balance. According to Law  3851/2010, Greece's 2020 

goals include increasing the share of RES in the final consumption of energy by 20% and in electricity 

consumption by 40%.  
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The Paris Agreement on Climate Change (Paris Agreement, 2016) is a landmark agreement that was 

adopted by the United Nations Framework Convention on Climate Change (UNFCCC) at the 21st 

Conference of Parties (COP21) in Paris on December 12, 2015. The agreement sets out a framework 

for action to limit global warming to well below 2°C above pre-industrial levels and pursue efforts to 

limit the temperature increase to 1.5°C. The Paris Agreement builds on the previous UNFCCC 

agreements, including the Kyoto Protocol, and is the culmination of years of negotiations and efforts 

by the international community to address the issue of climate change. It has been signed by 196 

countries and ratified by 189, making it the most widely supported international agreement in 

history. The key objectives of the Paris Agreement are to strengthen the ability of countries to deal 

with the impacts of climate change, increase the resilience of ecosystems, and facilitate the transition 

to low-carbon economies. The agreement recognizes that the actions of each country to reduce GHG 

will be critical in achieving the overarching goal of limiting global warming. To achieve this goal, the 

Paris Agreement sets out a range of provisions and mechanisms that aim to promote international 

cooperation and collaboration. These include the Nationally Determined Contributions (NDCs), each 

ŎƻǳƴǘǊȅΩǎ ƻǿƴ national climate plans that are required to be submitted. These outline their efforts to 

reduce GHG and adapt to the impacts of climate change. These plans are reviewed and updated every 

five years. The Paris Agreement establishes also a system of transparency and accountability to 

ensure that countries are fulfilling their commitments and reporting their progress. This includes 

regular reporting on emissions and adaptation efforts, as well as a review process to assess progress 

toward the long-term goals of the agreement. Moreover, the Paris Agreement recognizes that 

developing countries may require support in developing their own low-carbon technologies and 

implementing their NDCs. The agreement, therefore, provides for technology transfer and capacity-

building to help support these efforts. At last, developed countries are required to provide financial 

support to developing countries to help them implement their NDCs and adapt to the impacts of 

climate change.  

Over the period 2005-2018, European countries more than doubled their RES capacity from 180 GW 

to 465 GW (Eionet Report - ETC/CME 2019/8. European Topic Centre on Climate Change Mitigation 

and Energy, 2019). In Figure 1-1 ǘƘŜ ǊŜƴŜǿŀōƭŜ ŜƴŜǊƎȅΩǎ ǎƘŀǊŜ όƘȅŘǊƻǇƻǿŜǊΣ ǎƻƭŀǊΣ ǿƛƴŘΣ ƎŜƻǘƘŜǊƳŀƭΣ 

wave and tidal) in the energy mix is presented. In 2019, around 11% of global primary energy came 

from renewable technologies (Ritchie et al., 2022). 

The transition to renewable energy sources is a critical step in reducing GHG and mitigating the 

effects of climate change (Chien et al., 2021). RES-based projects are environmentally friendly 

solutions against the climate crisis, the rise of global temperature and environmental pollution 

(Dehghani et al., 2017; Nazir et al., 2019), protecting at the same time the biodiversity and the forests 

(Nunez et al., 2019). The advantages of renewable energy sources make this shift beneficial despite 

the difficulties that appear, such as updating infrastructure and adjusting to variable energy sources 
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(Nik et al., 2021). Prioritizing investment, legislative changes, and public support are crucial as 

countries and industries around the world work for the transition to renewable energy sources in 

order to assure a sustainable, low-carbon future (Heffron et al., 2021).  

 

Figure 1-1 Share of primary energy from renewable sources for year 2021 (Ritchie et al., 2022) 

 

One of the primary benefits of transitioning to renewable energy sources is reducing GHG (He et al., 

2022; Sacchi et al., 2022). Fossil fuels, such as oil, coal, and gas, release large amounts of carbon 

dioxide, contributing to climate change and having negative impacts on human health and the 

environment (Olabi & Abdelkareem, 2022). By using renewable energy sources, these emissions are 

reduced and the negative impacts of climate change are limited. In addition to reducing emissions, 

renewable energy sources can also help reduce energy costs (Ainou et al., 2022) and increase energy 

security (Cergibozan, 2022; Nasir et al., 2022) by relying on local, sustainable sources of power. 

Finally, transitioning to renewable energy sources can also create jobs and boost economic growth 

(Liu et al., 2022). According to the International Renewable Energy Agency (IRENA), the renewable 

energy sector employed over 11 million people globally in 2018. This number is expected to continue 

growing as countries invest in renewable energy infrastructure and technologies. In Figure 1-2, the 

total energy supply by different sources is presented for Greece from 1990 to 2021. In Figure 1-3 the 

renewable energy supply (wind, solar and hydro) is depicted for Greece from 1990 to 2021. According 
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to International Energy Agency (IEA), for the year 2021 in Greece, the energy supply from wind is 

10,483.0 GWh, from solar is 5,106.0 GWh and from hydropower is 5,967.0 GWh. 

 

Figure 1-2 Total energy supply by source, Greece 1990-2021 (International Energy Agency, 2021) 

 

Besides the benefits of renewable energy sources, there are also significant challenges that come 

with the transition. One of the main challenges is technical and operational problems (Al-Shetwi, 

2022), by adapting infrastructure to accommodate new sources of power. Many power grids are 

designed to handle large, centralized power plants, making it difficult to integrate smaller, 

decentralized sources of renewable energy (López González & Garcia Rendon, 2022), leading to 

problems in stability and power quality. Updating the infrastructure to support renewable energy 

sources will require significant investment and planning (Aleluia et al., 2022). Another challenge is 

the intermittent nature of renewable energy sources (Janota et al., 2022), particularly solar and wind 

power. Unlike traditional power plants that can generate a consistent amount of energy, renewable 

energy sources rely on weather conditions to generate power. This intermittent behavior makes it 

difficult to predict and manage energy supply, requiring new approaches to energy management and 

storage (M. Bertsiou et al., 2018; Sánchez et al., 2022). Finally, transitioning to renewable energy 

sources will require significant government, financial and social support (Krupnik et al., 2022). Many 

countries and industries are still heavily reliant on fossil fuels, and the transition to renewable energy 

will require significant policy changes, investment, and public support (Leonhardt et al., 2022).  
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Figure 1-3 Renewable energy supply by source, Greece 1990-2021 (International Energy Agency, 2021) 

 

The COVID-19 pandemic has caused significant disruption to economies, industries and the energy 

sector worldwide. The measures implemented to slow the spread of the virus, such as lockdowns, 

travel restrictions, and social distancing, have resulted in reduced energy demand across all sectors. 

The largest appears in transport and services and the smaller in industry, while household 

consumption increased (Rokicki et al., 2022). The increase in remote working and online learning has 

resulted in a shift in energy demand from commercial buildings to residential buildings. The COVID-

19 pandemic has also had a significant impact on the energy supply, with disruptions to production, 

transportation, and storage (Dong et al., 2022). The decline in energy demand has resulted in an 

oversupply of energy, leading to a drop in prices and reduced investment in new energy projects. At 

the same time, the pandemic has also accelerated the energy transition and raised questions about 

the resilience of energy systems to crises (Zakeri et al., 2022), highlighting the need for diversified 

and flexible energy sources and systems. To accelerate the energy transition in the post-COVID-19 

stage, (Tian et al., 2022) propose a road map that includes expanding green funding options, 

promoting global collaboration, and improving green stimulus programs. The COVID-19 pandemic 

has prompted governments and industry players to take measures to mitigate the impact of the crisis 

and support the energy transition.  

The Recovery and Resilience Facility (RRF) is a fund set up by the EU to support member states in 

their recovery from the economic and social impacts of the COVID-19 pandemic. Greece is one of the 

countries that has been allocated funding from the RRF, and a significant portion of the funding is 
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dedicated to the country's energy sector. The RRF funding for Greece's energy sector is intended to 

support the country's transition to a low-carbon economy, as well as to improve energy efficiency 

and security. The funding is expected to support a range of projects, including RES projects, energy 

efficiency measures for improving energy efficiency in buildings and infrastructure, modernization of 

Greece's energy infrastructure, including the development of smart grids and the upgrading of energy 

transmission and distribution networks and support for the development of green hydrogen 

production in Greece.  

Ukraine is a significant energy producer and transit country and the war in Ukraine has had a 

profound impact on the country's energy sector, affecting both the production and distribution of 

energy (Allam et al., 2022). Some of the major impacts of Europe's energy sector are the damage to 

energy infrastructure, disruptions to coal supplies, dependence on Russian gas and reduced 

electricity exports. 

1.2 Hybrid renewable energy systems and storage technologies 

New challenges between the supply and demand of renewable energy arise from the RES's increasing 

penetration in the power mix. Due to the intermittent nature of wind and solar energy potential and 

their dependence on various climatic factors, forecasting wind and solar energy is very challenging 

(Olabi et al., 2021). Also, the stochastic nature of RES makes it challenging to meet immediate 

electricity demand (Brenna et al., 2020; Ciupageanu et al., 2019; Khalili et al., 2020).  For all the above, 

it is necessary to use wind turbines and photovoltaic modules as part of a hybrid renewable energy 

system (HRES).  

HRESs combine at least one form of RES and at least one form of energy storage technology, as it is 

shown in Figure 1-1, for storing the surplus renewable energy that cannot be utilized immediately, 

due to lower energy demand compared to energy generation. Thus, contribute to the reduction of 

GHG, due to the reduced operation of local production stations (LPS), and to energy independence.  

Regarding Greece, the first HRES operating is in Ikaria. Its construction started in 2011 and it is 

operating since 2019. It consists of a wind park on Stravokountoura hill, with three wind turbines of 

900 kW each. The micro hydroelectric station of Proespera, with a 1.05 MW hydro turbine, utilizes 

only the excess water of the Pezi Dam reservoir after the obligations for water supply, ecological 

supply and irrigation are first covered. The micro hydroelectric station of Kato Proespera, with two 

hydro turbines with a total power of 3.1 MW, utilizes both the excess water of the reservoir and the 

water that comes from pumped storage. Two water reservoirs with a capacity of 80,000 m3 each in 

the areas of Proespera and Kato Proespera, which will serve the needs of pumped storage for the 

absorption of wind energy and a water reservoir with a total volume of approximately 910,000 m3 in 

Pezi. The Kato Proespera pumping station, with 12 pumps with a nominal power of 250 kW each and 
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the Energy Control and Load Distribution Centers of Naera and Ikaria, which will be installed in a 

space within the LPSS in Agios Kyrikos, ensuring both the communication between the individual 

parts of the Project as well as the energy security of the island and its reliability electrical system (PPC 

Renewables, 2023). During winter the water surplus is exploited in the upper PHS and in refilling 

water losses from the two new reservoirs during the previous summer. During the summer the water 

of the upper reservoir is used for the water irrigation demands, while the n two new reservoirs are 

used for the operation of the PHS system. in a conventional cycle of the PHS plant (Katsaprakakis et 

al., 2022). The project contributes to the reduction of 13,800 tons of emitted C02 pollutants per year, 

from the minimized use of the LPS. It strengthens the island's energy sufficiency, during most of the 

year, and limits its dependence on conventional fuels. The environmental impacts from the 

construction of the project are reversed by implementing environmental restoration measures, such 

as tree planting). Finally, this project is upgrading Ikaria in the field of tourism, as it is expected to 

become a pole of attraction for students, scientists and environmentally aware citizens, due to the 

innovations and the "green" nature of the project (PPC Renewables, 2023).  

 

Figure 1-4 Hybrid Renewable Energy Systems 

The second HRES is in Tilos Island, which is installed in 2017. TILOS project consist of a WT of 800 kW, 

a 160 kWp PV station and an 800 kW battery storage system. Also, it has been installed an EV charger 

at the TILOS info-kiosk in Livadia with 4.93 kWp of PVs on the roof of the kiosk for charging needs 

(Kaldellis, 2021; Kaldellis & Zafirakis, 2020). The development of this project, which will be 
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implemented in four more Greek islands, Anafi, Donousa, Leros and Fournoi Korseon, is contributing 

to the reduction of carbon dioxide emissions, to the protection of the environment by the increased 

integration of RES in the energy mix of the islands and to the reduction of energy costs. 

Simultaneously it ensures the substantial detachment of the islands from conventional fuels and 

improves their energy security (EUNICE, 2023). Finally, an HRES in Astypalaia will be ready for use by 

the end of 2023, which will include 3MW of PVs photovoltaics and a 7MWh battery storage system, 

to cover up to 50% of the island's total energy demand and 100% of electric vehicle charging needs. 

By the end of 2026, the expansion of the project is planned with the addition of WTs that aim to cover 

more than 80% of the total energy demand of the island (Smart & Sustainable Island, 2023). 

The integration of RES plants and energy storage systems, not only solves the problems that arise 

from the stochastic nature of natural resources, but also enhances the ƎǊƛŘΩǎ ǊŜƭƛŀōƛƭƛǘȅ ŀƴŘ ŜŦŦƛŎƛŜƴŎȅΣ 

providing power quality services (Krishan & Suhag, 2019). Simultaneously the high-cost electricity 

generation can be decreased, especially in non-interconnected islands (NNIs) which are supplied by 

LPS, comprising conventional fuels (Gkiokas et al., 2022). Storing energy during periods of low 

demand and/or high energy generation, while utilizing the stored energy when the demand is high 

and/or the energy production is low, leads to the satisfaction of unmet demand. The subject of stand-

alone HRES becomes more attractive in the context of autonomous networks, such as non-

interconnected islands (NNIs). The use of HRESs provides a significant supply of the required electrical 

demand, avoiding simultaneously general or partial blackouts in NNIs during periods of high demand. 

The integration of pumped hydro storage (PHS), batteries (BT) and hydrogen production storage (FC) 

with wind turbines (WTs) and photovoltaic modules (PVs) to handle the intermittent nature of RES is 

a competitive and rapidly expanding field of research. 

PHS is one of the most widely used energy storage technologies, an environmentally friendly method, 

which can be easily installed, where it is permitted by topography όmƪǘŜƴ ϧ YǳǊǒǳƴΣ нлннύ and water 

resources availability (Hunt et al., 2020). This technology involves pumping water from a lower 

reservoir to a higher reservoir when there is a surplus RES. When there is deficit of energy the water 

flows back down to the lower reservoir through a hydro turbine. About 96% of the world's total 

energy storage capacity is comprised of PHS (Baldinelli et al., 2020; Blakers et al., 2021). According to 

(IRENA, 2020), the installed hydropower capacity reached 1310 GW. PHS can achieve energy 

efficiencies of up to 85% for large-scale systems (Alkhalidi et al., 2022), making it one of the most 

efficient energy storage technologies available. Also, PHS excels because of its long lifetime, the swift 

response time, and is suitable for long-term storage, since the only losses occur due to seepage and 

evaporation (Hoffstaedt et al., 2022). It has been rated as the most sustainable storage technology, 

according to (Ren & Ren, 2018). However, PHS requires a high capital cost (Arabkoohsar & Namib, 

2021). Building the infrastructure required for pumped hydro storage, such as reservoirs and 
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turbines, can be expensive. In addition, PHS requires a significant amount of space and access to 

suitable terrain.  

Previous research works have already studied the integration of PHS to RES-based projects. Nassar 

et al. (2021) propose a method for optimal sizing of a PV/WT/PHS for sustainable electricity supply 

to an urban community in Libya. The optimization problem is constrained by operating conditions 

and output uncertainty of renewable energy systems. Different operating scenarios are considered 

for optimal sizing of the HRES. Using climate conditions and load consumptions, energy production is 

estimated by the System Advisory Model software. The optimal power capacity ratio of the PV array 

to the wind turbine farm is found to be 1:5 based on LCOE. PHS contributes to 15% of the annual load 

energy, demonstrating that the RESs coupled with PHS is a cost-competitive and reliable alternative 

for urban areas with high potential for RES. A simulation tool that models the operation of a 

PV/WT/PHS plant, considering the variability of solar and wind sources and modeling each subsystem 

with variable efficiency depending on the operating regime is presented by Notton et al. (2017). The 

tool considers the variability of solar and wind sources and models each subsystem with variable 

efficiency depending on the operating regime. An optimization of the PHS operation is developed 

using four reversible pumps in parallel to replace costly and polluting combustible turbines. The tool 

considers all electrical productions, including renewables, fuel, and imported energy. The simulation 

shows that the HRES can cover up to 80% of the peak demand on an annual basis. The impact of the 

Iw9{Ωǎ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ƻƴ ǇŜǊŦƻǊƳŀƴŎŜ ƛǎ ǎǘǳŘƛŜŘ ŀƴŘ ŘƛŦŦŜǊŜƴǘ ƘȅōǊƛŘ ǎȅǎǘŜƳ ŎƻƴŦƛƎǳǊŀǘƛƻƴǎ ŀǊŜ ŀƭǎƻ 

highlighted. Xu et al. (2020) investigate a WT/PV/PHS system in Xiaojin, Sichuan, China as a case 

study. The techno-economic index is used to design the HRES and a trade-off analysis is done between 

maximum power supply reliability and minimum investment cost using Multi-Objective Particle 

Swarm Optimization (MOPSO) based on Pareto optimality theory. The analysis also considers the 

curtailment rate (CR) of wind and solar power due to policy requirements. The results show that the 

WT/PV/PHS configuration has a lower levelized cost of energy (LCOE) than the PV/PHS and the 

WT/PHS and equal to 0.091 $/kWh for LPSP of 5%. Particle Swarm Optimization (PSO) performs better 

than other methods in finding the least LCOE. The policy of CR leads to higher investment costs, and 

both MOPSO and the weighted sum approach (WSA) perform well in finding the Pareto fronts. Syafii 

et al. (2021) conduct a techno-economic and environmental analysis of a PV/WT/PHS/Diesel (DG) 

system for a rural microgrid system. The analysis between eight feasible configurations finds that the 

optimal system configuration is the PV/DG/PHS. The net present cost (NPC) and payback period (PBP) 

are in accordance with economic feasibility analysis criteria. However, the cost of energy is greater 

than the electrical utility tariff, but the system is still feasible for remote island areas. Eisapour et al. 

(2021) propose a resilient smart hybrid renewable energy system to meet the electricity and heat 

demand of Eram Campus, Shiraz University. Simulations, optimizations, and sensitivity analyses were 

performed to explore the feasibility of the suggested energy system, which consists of a micro gas 
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turbine, thermal boilers, converters, PVs, PHS units, and a predictive controller. The levelized cost of 

electricity is 0.09$/kWh. The energy system reduces the annual carbon dioxide production of the 

Campus by 8000 megatons compared to using the national energy grid. Lopes et al. (2020) propose 

a new approach to designing WPSS using Particle Swarm Optimization, which takes into account the 

technical and economic feasibility and uncertainty of design parameters. The model found that wind 

energy availability has the most impact on the Net Present Value (NPV) of the project and increasing 

Capital Expenditure (CAPEX) uncertainty by 50% with a reduced project lifetime can lead to a negative 

NPV. The potential benefits of installing a WT/PHS in the insular power system of Samos, in Greece, 

are discussed in (Bouzounierakis et al., 2019). The research uses real hourly data for a year to assess 

the economic viability of the project under different billing scenarios and the impact on the insular 

power system operation for various PHS sizes. It suggests that such installations could significantly 

improve the operation of isolated power systems with high wind and solar potential, such as many 

Greek islands, by compensating for imbalances between power generation and load demand. Kapsali 

and Anagnostopoulos (2017) investigate the economic viability of large-scale wind energy production 

and local energy storage in interconnecting Lesbos Island with the mainland grid. The Levelized Cost 

of Energy (LCOE) is calculated for two scenarios: the island's interconnection with or without local 

energy storage and the results show that combining the island's interconnection WT/PHS system is 

economically attractive. Maisanam et al. (2021) discuss the integration of socio-environmental 

factors with techno-economic factors in designing and sizing a PV/PHS/Biogas (BG) system for the 

electrification of a remote Indian town, and a GOA-based meta-heuristic optimizer is developed for 

solving the optimization problem. Results show that the contribution of socio-environmental factors 

in the present case is 6% of the total net present cost (TNPC) compared to 94% for techno-economic 

factors. The optimal HRES size is obtained as 57.5 kW of PVs, 8 kW of BG plant, 378.4 kWh of energy 

storage, and 33 kW of converter size.  

Batteries are another widely used energy storage technology, particularly for small-scale applications. 

Batteries store energy in chemical form and release it as electrical energy when it is needed. There is 

a range of battery technologies available, including lead-acid, lithium-ion, and flow batteries. One of 

the key advantages of batteries is their flexibility. Batteries can be used for a wide range of 

applications, from small-scale applications such as providing energy for household consumption, to 

large-scale applications such as providing energy storage for power grids. Especially, flow batteries 

have gained considerable recognition for large-scale applications due to their simple design and 

operation, long operational life and quick response (Esan et al., 2020). Generally, batteries have a 

fast response time and thus they are effective for peak-demand periods (Zhang et al., 2018). In 

addition, batteries can be easily scaled to meet the needs of different applications, making them a 

particularly effective energy storage technology for HRESs. Moreover, batteries have a long lifespan, 

and especially Lithium-ion batteries (Qi et al., 2022) and can be recharged and discharged repeatedly 
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without significant degradation, making them a reliable and cost-effective energy storage technology. 

On the other hand, the production of batteries requires a significant amount of energy and resources 

and their disposal at the end of their life is combined with environmental impacts (Dehghani-Sanij et 

al., 2019). 

Many studies of HRES coupling with batteries have been conducted. Hamanah et al. (2020) propose 

a methodology to optimize the configuration of a WT/PV/BT/DG system. The objective is to minimize 

annual cost while considering energy not served and renewable energy fraction constraints. The 

lightning search algorithm is used to obtain the best cost value, and simulation results show the 

optimal variables for the system components. The proposed approach is found to be effective in 

achieving the cheapest renewable energy generation. El-houari et al. (2021) evaluate the energy, 

economic, and environmental aspects of an autonomous PV/WT/BT. The HOMER Pro software was 

used for optimization and economic evaluation, and simulations were carried out for 24 cities in 

different climatic regions, in Morocco. The results show that the HRES can save up to 128.21 tons of 

CO2 release in the city of Eddakhala, with the lowest levelized cost of energy predicted for this city. 

The study suggests that these projects can promote socioeconomic development in remote and 

isolated areas and can be widespread in the African continent due to decreasing costs of renewable 

energy equipment. Kazem et al. (2017) design and evaluate a hybrid PV/WT/BT/DG system searching 

for the best configuration for the lowest cost of energy and the minimization of GHG. The simulations 

and analysis are conducted using HOMER software to meet the electrical load demand for Masirah 

Island in Oman. A hybrid PV/WT/BT system for the generation of electricity for a typical house in a 

remote village in southeastern Iraq is proposed in (Al-Shammari et al., 2021). The optimal sizing for 

each component was determined using techno-economic feasibility analysis, and the proposed 

hybrid system resulted in better, cleaner, economical, and more reliable electricity compared to a 

single source. The renewable factor of the system was 100%, and the cost of energy was 0.566 

US$/KWh. Katsivelakis et al. (2021) examine the feasibility and viability of HRESs in Donoussa island, 

Greece, for supplying electricity in remote areas. The study uses HOMER Pro software to conduct a 

techno-economic analysis for three scenarios with different adoption rates and configurations of PV, 

WT, BT and DG. Based on the lowest Net Present Cost (NPC), the smallest proportion of excess 

electricity, and LCOE, the best system design is chosen using the HOMER Pro software. The 

simulation's findings may provide some operational guidelines for a workable hybrid system on 

Donoussa island. The simulation results confirm the use of a hybrid system with negligible excess 

electricity, acceptable NPC and LCOE, and a respectable level of RES integration. In their research, 

Fiorentzis et al. (2020) discuss the importance of transitioning to sustainable energy sources and 

implementing energy-efficient development. The study focuses on the Greek island of Astypalaia as 

a case study for the full-scale implementation of the WT/BT system Results show that the use of an 
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HRES can increase RES penetration and reduce fuel costs, while the fast response of the batteries can 

ŜƴƘŀƴŎŜ ǎȅǎǘŜƳΩǎ ǎǘŀōƛƭƛǘȅ ŘǳǊƛƴƎ ŘƛǎǘǳǊōŀƴŎŜǎΦ 

The development of hydrogen storage solutions in HRESs has received more attention in recent years. 

Hydrogen can be produced using excess energy from RES to electrolyze desalinated water and stored 

for later use. When the stored hydrogen is needed, it can be used to produce energy through a fuel 

cell. There are also several different types of hydrogen storage technology being developed, including 

compressed gaseous hydrogen, liquid hydrogen and material-based hydrogen storage. Currently, 

these are the three primary storage methods (Yanxing et al., 2019). Each of these technologies has 

its own advantages and disadvantages, and the choice of technology will depend on the specific 

application and requirements of the hybrid renewable system (Izadi et al., 2022). Compressed 

hydrogen storage is one of the most common methods of hydrogen storage and involves compressing 

hydrogen gas into high-pressure tanks. This technology is well-established and is currently used in a 

variety of applications, including fuel cell vehicles (Alves et al., 2022) and stationary power 

generation.  Liquid hydrogen storage is another method of hydrogen storage that involves cooling 

hydrogen gas to a liquid state, which allows for higher storage density. This technology is currently 

used in some applications, such as rocket fuel, but is not as widely used as compressed hydrogen 

storage due to its higher cost and complexity (Schrotenboer et al., 2022). Solid-state hydrogen 

storage is an emerging technology that involves storing hydrogen in a solid-state material, such as 

metal hydrides or carbon nanotubes (Simanullang & Prost, 2022). This technology has the potential 

to provide higher storage density and improved safety compared to other hydrogen storage methods 

but is still in the early stages of development and has not yet been widely commercialized. Hydrogen 

can be produced locally, increasing the independence of the energy supply (Yue et al., 2021). One of 

the key advantages of hydrogen production is its high power density (Sürer & Arat, 2022).  In addition, 

hydrogen can be easily transported and stored for as long as it is required, making it a flexible energy 

storage technology (Escamilla et al., 2022). Compared to PHS, installing a hydrogen production unit 

requires much less space, and no specific topographic parameters are necessary. Moreover, its 

production has the potential for zero emissions, however, when it is produced by conventional fuels 

a large amount of CO2 is generated, meaning that hydrogen is not an environmentally friendly 

solution anymore (Yu et al., 2021). When hydrogen is produced using only RES, meaning exploiting 

RES for the electrolysis of the water too, this leads to the decarbonization of hydrogen, producing 

green hydrogen (Kakoulaki et al., 2021). When hydrogen is produced using only RES, it can be a 

completely clean and sustainable energy storage technology (Ishaq et al., 2022). Surplus energy from 

RESs can be utilized for the production and storage of green hydrogen for use when RES production 

is less than the load demand (Elberry et al., 2021). In addition, hydrogen can be used to power fuel 

cell vehicles and other applications, providing a versatile energy source for a wide range of 

https://www.sciencedirect.com/topics/engineering/compressed-gaseous-hydrogen
https://www.sciencedirect.com/topics/engineering/liquid-hydrogen
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applications, including fuel cells, heating, and transportation. However, one of the main issues about 

hydrogen production and storage is its safety (San Marchi et al., 2017). 

Many studies have been published, in which hydrogen storage solutions for HRESs are implemented. 

Hinokuma et al. (2021) propose a PV/WT/FC system using a fuzzy logic control algorithm to reduce 

building load demand in Japan. The proposed system is simulated using MATLAB-Simulink and 

validated experimentally. A techno-economic analysis is conducted, revealing potential surplus 

power generation and lower LCOE using the proposed system, with potentially significant savings of 

2.17 million yen per year. The operation of a PV/hydrogen system is examined in (Ceran et al., 2021) 

analyzing the aging effects on the HRES in terms of energy production decrease and demand for 

additional hydrogen storage during 10 years of the system operation. The study suggests that the 

system performance decline is non-linear and depends on the load profile and PV module types. 

Rezaei et al. (Rezaei, Naghdi-Khozani, et al., 2020) analyze the economic viability of harnessing wind 

energy for hydrogen production in Afghanistan. The levelized cost of wind-generated electricity is 

projected for all 34 capital cities, and the energy efficiency of the hydrogen production system, the 

Levelized Cost of Hydrogen (LCOH), and the payback period are investigated for the city with the least 

LCOE. Ghenai et al. (2020) design an off-grid hybrid PV/FC system using modeling, simulation, and 

optimization techniques to meet the energy demand of a residential community in a desert region 

by increasing the RES penetration. The simulation results show that the system has a 40.2% 

renewable fraction, is economically viable with an LCOE of лΦмп ϵκƪ²Ƙ and is environmentally friendly 

with zero carbon dioxide emissions during electricity generation. Sultan et al. (2021) present a novel 

metaheuristic optimization technique, called Improved Artificial Ecosystem Optimization (IAEO), for 

designing an optimal grid-dependent and off-grid HRES consisting of three different configurations 

PV/FC, WT/FC and PV/WT/FC. The mƛƴƛƳǳƳ ǾŀƭǳŜ ƻŦ /h9 ƛǎ лΦотл ϵκƪ²Ƙ ŦƻǊ ǘƘŜ t±κC/ ŎƻƴŦƛƎǳǊŀǘƛƻƴ 

in the integrated ǎȅǎǘŜƳ ŀƴŘ лΦпнл ϵκƪ²Ƙ ŦƻǊ ǘƘŜ t±κ²¢κC/ ƳƻŘŜƭ ƛƴ ǘƘŜ ƛǎƻƭŀǘŜŘ ǎȅǎǘŜƳΦ  

All the above storage solutions can be used to provide energy storage for a wide range of applications, 

from small-scale to large-scale. In addition, batteries and hydrogen can be used to power fuel cell 

vehicles and other applications, providing a versatile energy source for a wide range of applications. 

A combination of energy storage technologies is needed to ensure that RES can provide reliable 

energy on demand. Pumped hydro storage, batteries, and hydrogen production are all promising 

energy storage technologies for hybrid renewable systems. The choice of energy storage technology 

will depend on a range of factors, including the specific application, energy storage requirements, 

and the local energy infrastructure. As RES continue to play an increasingly important role in meeting 

our energy needs, the development and deployment of effective energy storage technologies will be 

critical for ensuring sustainable and reliable energy. 
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Many research studies that compare different storage technologies coupling with HRES have been 

published in recent years. The potential of wind energy to meet the electricity needs of remote island 

communities, as well as the challenges associated with high wind energy penetration in existing 

electrical grids and the solution of integrated hybrid energy systems, including energy storage 

technologies and mathematical models for sizing and simulation, are presented in (Kaldellis, 2020). 

Hybrid energy solutions are evaluated on a financial basis, considering environmental impacts and 

finally examples of wind-based hybrid energy applications from around the world are provided. Pujari 

and Rudramoorthy (2021) conduct the design and pre-feasibility techno-economic analysis of an 

HRES for rural electrification in a village, in India. Six different hybrid system configurations are 

considered, and the PV/DG/BT is found to be the least costly and most optimal, providing a reliable 

power supply to the village's energy requirements and achieving a significant reduction in carbon 

emissions compared to diesel generators. Das et al. (2021) present a review of HRESs coupling with 

PHS systems analyzing the technical details, cost-effectiveness, and environmental indicators. The 

study identifies PHS-based systems as offering significant cost and environmental benefits over 

battery storage technologies. The design and optimization of a WT/PV/Biomass/PHS energy system 

for the minimization of the cost of energy while considering technical, economic, and environmental 

parameters is presented in (Alturki & Awwad, 2021). Three optimization algorithms are used to 

compare the proposed system with a system that uses battery storage. The results show that the 

proposed system is both economically and environmentally feasible, and the pumped-hydro storage 

hybrid system is more cost-effective than the battery storage hybrid system. Islam et al. (2021) 

compare a PV/WT/PHS energy system with battery-based systems and diesel-only systems in 

Newfoundland, Canada. The study investigates the effects of uncertainty on sizing the hybrid system. 

Results show that the proposed hybrid system can supply electricity to the community at a 

significantly lower cost compared to diesel-only systems and that it can save a substantial amount of 

diesel and CO2 emissions. Additionally, the pumped hydro storage-based system is more cost-

effective than battery-based systems, and the integration of hydro into the PV/Wind/PHS option 

reduces the cost of energy by 58%. Katsaprakakis et al. (2019) examine the optimal electricity storage 

technologies for small, insular, autonomous electrical grids integrated with RES. Three Greek islands 

are studied as case studies and PHS and electrochemical storage with lead-acid or lithium-ion 

batteries are investigated as potential storage options. The study finds that PHS is a competitive 

alternative for larger islands, while BT systems can achieve 80-90% RES penetration. The economic 

ŦŜŀǎƛōƛƭƛǘȅ ƛǎ ŜƴǎǳǊŜŘ ǿƛǘƘ ŜƭŜŎǘǊƛŎƛǘȅ ǎŜƭƭƛƴƎ ǇǊƛŎŜǎ ōŜǘǿŜŜƴ нлл ŀƴŘ орл ϵκƪ²ƘΣ ŀƴŘ ǘƘŜ ǇŀȅōŀŎƪ 

periods for investments are estimated bŜǘǿŜŜƴ с ŀƴŘ мл ȅŜŀǊǎΦ  

The produced RES that cannot be utilized simultaneously and neither can be stored during the 

operation of a single storage HRES, subject to available storage capacity, ends up in a dump. 

Surplus energy can be further exploited by being stored in a second storage technology in a hybrid 
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storage HRES Many studies on hybrid storage HRESs have been published. The optimal design of an 

off-grid WT/PV/BT/FC hybrid system is proposed in (Marocco et al., 2022), where both LCOE and CO2 

emissions are considered simultaneously. The proposed methodology is applied to the Froan islands, 

in Norway and results show that energy storage devices, especially hydrogen storage systems, are 

key components to reducing the dependency on fossil fuels and enhancing renewable energy 

penetration. The cheapest configuration, which includes both batteries and hydrogen, has an LCOE 

ƻŦ лΦпм ϵκƪ²ƘΣ ǿƘƛŎƘ ƛǎ ŀǊƻǳƴŘ ор҈ ƭƻǿŜǊ ǘƘŀƴ ǘƘŜ [/h9 ƻŦ the system coupled only with batteries 

as energy storage. Javed et al. (2019) simulate a domestic PV/BT/supercapacitor hybrid system. A 

Fuzzy Logic Control Strategy (FHCS) is implemented to control the power flow of the hybrid energy 

storage system components, improving the system efficiency and enhancing battery lifespan while 

reducing maintenance costs. Simulation studies validate the proposed system's effectiveness and 

potential to electrify more underserved communities. In (M. M. Bertsiou & Baltas, 2022c) the authors 

investigate two models of surplus energy storage systems for islands that use wind power. The first 

model uses a PHS system, and the second model uses a hybrid pumped hydrogen storage system 

consisting of a PHS and a hydrogen storage system. The goal of the study is to compare the two 

systems in fulfilling the energy requirements of the island's electricity load and desalination demands. 

The results show that the hybrid system has a higher cost of energy but a lower loss of load probability 

than the single storage system. Ferrario et al. (2021) evaluate the optimal sizing of a WT/PV/BT/FC  

system for a real hybrid renewable microgrid in Huelva, Spain. Four storage configurations are 

assessed, and results show that a hybridized energy storage capacity is beneficial for energy security 

and efficiency but can represent a substantial additional cost. Increasing battery capacity is more 

beneficial for the abatement of loss of load, while increasing FC capacity is more useful to absorb 

excess energy. In (Akter et al., 2022), the examination of Bangladesh's energy situation and the design 

of a 100% RES-based off-grid power system for St. Martin's Island is proposed. The mixed-integer 

linear programming optimization technique is used to demonstrate the efficacy of the suggested 

PV/BT/FC system and four cases are explored to show the system's cost-effectiveness and profit-

maximizing potential. Kefif et al. (2022) propose a WT/PHS/BT system for Algeria's Yesser valley. The 

study aims to determine the optimal design size for the system using batteries to increase reliability. 

Homer Pro software is used to model and analyze the system's economic feasibility based on variable 

water flow and wind speeds. Results show that the hybrid system is capable of meeting the load 

demand in different areas of the valley, and the financial cost of the system is inversely proportional 

to wind and flow rate speed. Canales et al. (2021) present a mathematical model for the size and 

performance optimization of a WT/PV/PHS/BT system. The study focuses on Ometepe Island in 

Nicaragua and evaluates how different capital costs and LPSP affect the system's optimal sizing and 

cost of energy. The COE ǊŀƴƎŜǎ ŦǊƻƳ ϵлΦлптκƪ²Ƙ ǘƻ ϵлΦлфрκƪ²Ƙ. In (Lata-García et al., 2018), a 

techno-economic analysis of a PV/PHS/FC/BT system is presented for the electrical supply of isolated 
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loads. The optimal location of the turbine is determined to maximize the hydroelectric generator's 

performance, and the techno-economic study of all components of the hybrid system is carried out. 

The results show that the hybrid system provides the required power, optimizes hydroelectric and 

solar photovoltaic generation, and maintains the battery storage subsystem loading status to avoid 

deep discharges. Dambone Sessa et al. (2018), propose an HRES consisting of flywheels and batteries 

to support primary frequency regulation in the electrical network. The study investigates the benefits 

of flywheels in mitigating the accelerating aging that Li-ion batteries suffer during grid frequency 

regulation operation through experimental aging tests and simulations. The results suggest that 

proper power control between the batteries and flywheels can effectively counteract Li-ion battery 

aging. Phan and Lai (2019) present a WT/PV/BT/FC system. The study focuses on optimal sizing, 

maximum power point tracking (MPPT) control, and energy management system development. The 

ǊŜǎǳƭǘ ƻŦ /h9 ƛǎ лΦссл ϵκƪ²ƘΦ In (Dawood et al., 2020), three case scenarios of an HRES are examined 

for a hypothetical remote community in Western Australia. PV is the primary RES, while the battery, 

the hydrogen and the battery-hydrogen are the alternative energy storages. Using the HOMER Pro 

software, the simulation results show that the hybrid energy storage system is the most cost-effective 

scenario for electrifying remote communities with low energy generation costs and reducing their 

carbon footprint. Guezgouz et al. (2019) propose a new energy management strategy to coordinate 

a hybrid energy storage system based on pumped hydro storage with batteries. The optimal size of 

the system was determined using a multi-objective optimization approach, and the results showed 

that the hybrid storage system provides higher reliability at a lower cost and reduces the curtailment 

of renewable generation. However, sensitivity analysis revealed that the optimal hybrid storage 

configuration is less resilient to potential changes in renewable energy availability, and special actions 

must be taken to avoid lower performance. Seedahmed et al. (2022)  examine the use of HRES for 

the electrification of remote areas with a focus on the Al-Shumaisi cluster in Saudi Arabia. Two hybrid 

configurations, a WT/FC/BT/DG and a WT/FC/BT system, are proposed and compared to a 

configuration using only DG units. The results show that the WT/FC/BT/DG configuration is the most 

economic and eco-friendly solution with a reduction in NPC and a decrease in pollutants, compared 

to DG-based units.  

1.3 Desalination technologies 

Water shortage has negative effects on the Greek islands, and there is poor transportation 

connectivity to the mainland. The use of bottled water is rising in response to the need for drinking 

water, which increases living costs. Transporting potable water to the islands from the mainland costs 

between 7 and 12 euros per cubic meter (Bardis et al., 2020; Myronidis & Nikolaos, 2021). Based on 

the various social features of the customers, variations in the water demand as a result of climatic 

change also appear (Fiorillo et al., 2021)). Climate change has an impact on evapotranspiration as 



 

- 19 - 
 

well, which affects irrigation water requirements and has an impact on water management and 

agricultural productivity ((Maqsood et al., 2022)). Moreover, issues with groundwater quantity and 

quality arise as a result of the numerous, unregistered private wells drilled for irrigation purposes. A 

key component of water demand is irrigation. At the same time, there is an endless supply of 

seawater surrounding the Greek islands. In order to support the transition to RES and mitigate the 

effects of climate change, an HRES and a desalination unit can be combined to provide significant 

domestic water supplies for locals and visitors, as well as water for agricultural and industrial uses. 

This partnership increases water and energy efficiency (Panagopoulos, 2021). Desalination requires 

a significant amount of energy, and the use of fossil fuels to power desalination plants can contribute 

to GHG. Combining desalination with renewable energy systems can help reduce the carbon footprint 

of desalination and make it more sustainable. Especially in the case of Greek islands, HRES coupling 

with a desalination plant can use wind and solar energy, as well as the seawater surrounding each 

island, to solve both energy shortages (Spiller et al., 2022) and water scarcity (Kakoulas et al., 2022; 

Vourdoubas, 2022; Zafeirakou et al., 2022). Seawater desalination can guarantee the supply of water 

to islands with limited water resources (Herrera-León et al., 2018). In addition, the use of RES-based 

technologies for household and agricultural applications improves the security of the water supply 

and the independence from fossil fuels, while also providing the chance to improve the Water-Energy 

nexus (Simão & Ramos, 2020). The Water-Energy nexus (WEN), the interdependency between water 

and energy, is a well-known subject that has drawn more interest from the research and policy 

sectors (Wichelns, 2017). In addition to providing for water demands, the availability of water 

resources allows for the concurrent exploitation of RES to provide for energy needs as well. The 

availability of water resources may have an impact on the capacity to generate electricity to meet 

energy needs (Nouri et al., 2019). The combination of RES and water resources will decrease the use 

of fossil fuels, provide the islands with the necessary amounts of energy, lessen blackouts caused by 

system overload, and lastly, through the desalination process, contribute to issues with water 

shortages. The usage of both energy and water resources simultaneously is required by everything 

spoken above. Water is finite, whereas energy is renewable. This is a key distinction. Although 

desalination of saltwater could be a solution to the limited nature of water supplies, oceans are the 

only sources of water that are practically unbounded (Kalogirou, 2018). Large amounts of energy are 

needed to remove salt from seawater, and the environmentally favorable energy sources for the 

desalination process are renewables (Bundschuh et al., 2021). 

Desalination is the process of removing salt and other minerals from seawater or brackish water to 

make it suitable for human consumption or agricultural use. There are two main methods of 

desalination: thermal and membrane-based (Figure 1-5). Thermal desalination involves heating 

seawater to produce steam, which is then condensed to produce fresh water. The most common 

form of thermal desalination is Multi-Stage Flash distillation, which uses multiple stages of heating 
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and cooling to separate salt and other minerals from the water. Another form of thermal desalination 

is Multi-Effect Evaporation, which uses a series of evaporators to produce steam and condensers to 

produce fresh water.  

 

Figure 1-5 Desalination methods (Thimmaraju et al., 2018) 

Membrane-based desalination involves forcing seawater through a semi-permeable membrane that 

separates salt and other minerals from the water. The most common form of membrane-based 

desalination is Reverse Osmosis (RO), which uses high pressure to force seawater through a 

membrane and into a collection tank. Another form of membrane-based desalination is 

electrodialysis, which uses an electric current to remove salt and other minerals from the water 

(Thimmaraju et al., 2018). Membrane-based desalination units have been erected during the past 20 

years and currently compensate for around 70% of all plants. Nowadays, 63% of the desalination 

market is accounted for by reverse osmosis (RO) desalination (Gude, 2016). Also, compared to 

thermal-based desalination technologies, RO plants have a capital cost that is around 25% lower 

(Alkaisi et al., 2017). Desalination units can be used to supply desalinated water for electrolysis to 

produce green hydrogen from RES. The need for desalinated irrigation water is also anticipated to 

meet the region's irrigation needs in addition to the demand for household water. 
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Among all desalination technologies that can be used in conjunction with RES, RO is the main 

desalination technique because it uses little energy and has low associated costs (Esmaeilion, 2020) 

and this can be also seen in Figure 1-6, where RO corresponds to 51% of the total use of RES-based 

desalination technologies.  The energy consumption for a RO system varies from 3.7 and 8 kWh/m3 

(Fornarelli et al., 2018; D. Xu et al., 2019) and is influenced by both the water's quality and the size of 

the desalination unit.  Higher power consumption is caused by increasing water salinity and smaller 

desalination plant sizes (Navarro Barrio et al., 2021). In Figure 1-7 the use of freshwater globally is 

depicted, according to (Pugsley et al., 2018). 

 

Figure 1-6 RES-based desalination technologies (Dhonde et al., 2022) 

 

Figure 1-7 Use of fresh water globally (Pugsley et al., 2018) 

 

The association of HRES with a desalination unit for domestic and agricultural purposes has acquired 

great interest recently. Rezaei et al. (2020) investigate e the use of wind turbines and photovoltaic 

systems for water desalination and hydrogen production and provides valuable insights for 

developing nations on using RES to solve water and energy shortage issues. Bertsiou et al. (2018) 

describe the design of an HRES, which utilizes wind and hydropower for electricity generation and 
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desalination of seawater to cover domestic and agricultural water demands. The system's 

performance is evaluated in three scenarios, and the study shows the potential of the project in 

fulfilling the island's electricity and water needs, while in (Bertsiou M et al., 2017) a cost-benefit 

analysis has been conducted for the proposed HRES. In (Stoyanov et al., 2021) a methodology for 

sizing a hybrid renewable energy system with wind and PV generation and water tank storage for 

agricultural applications in off-grid areas, is presented. The methodology is applied to sites in Bulgaria 

with specific crops and meteorological data. The combinations of PV and wind generators and water 

tank capacities are compared based on investment cost, crop requirements, and system oversizing. 

The results show trends in hybrid system sizing and the potential to apply the methodology to various 

sites, generators, and crops. In (Ajiwiguna et al., 2021)], the optimization of a photovoltaic-powered 

reverse osmosis system with a seasonal water storage tank to achieve low water cost and stable 

water supply, is proposed. Results show that the optimum combinations of component capacity are 

achieved at a designed operating time of 8 to 9 hours per day, and the water costs are competitive, 

нΦпс ϵκƳоΣ ƳŀƪƛƴƎ ǘƘƛǎ ǎȅǎǘŜƳ ŀ ǇǊƻƳƛǎƛƴƎ ŎƻƴŎŜǇǘ ŦƻǊ ŀ ǎǘŀƴŘ-alone system. Das et al. (2022), 

optimize a PV/WT/DG/BT system to supply reliable electricity and fresh water to a community on an 

island in Bangladesh. The generated excess energy is utilized to run a RO process for desalination. 

Results show a cost of energy of 0.234 $/kWh, 1.64 jobs, and 24,038 kWh/yr excess energy. The 

excess energy is utilized to achieve a maximum reduction of 11.8% and 9.3% in overall system cost 

and electricity cost, respectively, while job creation increases by 6%. Sarris et al. (2019) implement a 

WT/PHS system coupling with a desalination unit to address the lack of fresh water and energy in 

remote areas. The simulation model operates with hourly data for the period 2007-2017 and 

investigates the optimum distribution of the produced wind energy. The study presents the results 

of the HRES simulation in covering the water and electricity demands of Patmos island. Skroufouta 

and Baltas (2021) investigate a PV/WT/PHS system with a desalination unit in Karpathos, Greece, 

where 40-year synthetic time series are used for meteorological and demand data, drinking and 

irrigation water demands, and wind and solar radiation. The system can cover the entire drinking 

water needs of the island, 89.75% of irrigation and 50.63% of energy needs. The IRR of various selling 

prices of desalinated water and energy ranges from 10% to 17%, rendering the investment viable and 

even profitable. Borge-Diez et al. (2021) investigate the economic viability of desalination plants 

powered by RES. Results show that the projects can be economically profitable under certain 

conditions of grants and investorsΩ expected benefits, but sales of water and energy can be a limiting 

factor.  In (Triantafyllou et al., 2021) the evaluation of the energy needs and water resources of 

Nisyros Island, which currently relies on costly water transportation from the mainland, is conducted. 

The study proposes a PV-based configuration to sustainably power the island's desalination units, 

with a focus on economic benefits. In (Kotsifakis et al., 2020) examine and compare three different 

scenarios, for meeting domestic water demand on Lipsi island. Life-cycle cost analysis is performed 
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to evaluate each scenario from an economic point of view. Kourtis et al. (2019) examine five different 

water resource management scenarios on eight dry islands of the Aegean Sea in Greece, comparing 

the current practice of water hauling via ship against alternative water supply schemes for meeting 

water demand. The optimal solution for each island is proposed based on a life cycle cost analysis 

and assessed under six climate change scenarios in terms of renewable energy requirements for 

reliability. The scenarios show decreasing performance in terms of reliability under climate change. 

Eltamaly et al. (2021) propose the use of a PV/WT/BT system to provide fresh water to Arar City in 

Saudi Arabia using RO desalination. Results show that the use of RES is superior and cost-effective 

compared to conventional power sources, with a cost of $0.745/m3 for freshwater production. Nikas-

Nasioulis et al. (2022) implement an HRES that utilizes wind energy to meet the energy, water, and 

electromobility demands of Kos Island. Two different scenarios are studied, using hourly 

meteorological and demand data from 2016-2020, analyzing CO2 emissions, and performing a cost-

benefit analysis. The HRES makes the island autonomous and self-sufficient, reduces pollution, and 

improves the quality of life. Elmaadawy et al. (2020) propose a WT/PV/DG/BT system to power a 

desalination plant and asses the techno-economic and environmental feasibility of different off-grid 

power systems. Results show that the proposed HRES outperforms other alternatives and a potential 

reduction of up to 81.5% in carbon dioxide emissions compared to existing diesel systems is achieved. 

Papapostolou et al. (2020) explore the challenges of small islands in terms of water and energy 

resources, under the WEN. The paper suggests a comprehensive strategy to deal with these issues by 

implementing alternatives that combine sustainable energy and water supplies. Using Anafi Island as 

a case study, the suggested framework is illustrated, and a linear programming model is created to 

demonstrate that electricity and water supply from RES are possible at a reasonable cost while 

minimizing GHGs. 

1.4 Thesis contribution 

The contribution of this research consists of the development of an integrated methodological 

framework for the siting of wind turbines, of the energy management strategies of HRESs coupling 

with different storage technologies, single or hybrid, with the simultaneous fulfillment of energy and 

water demands and of the methodological framework for the estimation of the rejected renewable 

energy from an HRES. The major research points of this thesis can be summarized in the following 

points. 

A. A specific methodology is presented in order to evaluate potential sites for the installation of 

wind turbines, using different scenarios and performing a sensitivity analysis. It considers both 

the parameter of the environmental constraints and the current legislation framework for the 

siting of a wind farm. Scenarios of installing a wind farm with the lowest possible energy losses 

due to power transmission via cables are also being investigated. Results show how installation 
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locations are affected based on specific siting criteria (technical, economic and cultural scenario), 

as well as how changes in specific criteria affect the final installation locations. The methodology 

and the results are analyzed in Chapter 3, while the conclusions are presented in section 7.1. 

B. An assessment of HRESs using wind turbines and photovoltaic modules and coupling with a 

desalination unit and different storage technologies for the storage of surplus renewable energy 

is presented. This research focuses on the comparison of different storage systems, providing the 

corresponding detailed energy management strategies for single or hybrid storage with the 

simultaneous energy supply for household consumption and for the required desalinated water 

for domestic and irrigation demands, based on an energy, economic and environmental analysis. 

The methodology uses geographical, meteorological, population and demand (water, energy) 

data, leading to conclusions about the functioning and the reliability of such projects. The study 

tries to answer which configuration is more efficient in the fulfillment of energy and water 

demands, leading to the avoidance of the startup of polluting local power stations. How each 

configuration affects the cost of energy, the cost of desalinated water, the loss of load probability, 

the payback period and the reduction of the CO2 emissions? How are changes in meteorological, 

demographical and installation factors affecting the results?  

C. The methodological framework for the estimation and minimization of the rejected renewable 

energy through an HRES by the upper reservoir, the pumping station and the direct penetration 

of wind energy to the grid is provided. The amount of rejected energy is attempted to be 

calculated based on the percentage of direct penetration of wind energy to the system and on 

the percentage of energy set for desalination versus pumping. This will make the grid system 

more reliable and sustainable. It will, also, result in the promotion of RES, which has been a 

priority globally, to the reduction of the consumption of fossil fuels and to energy and water 

independence. Also, the units of energy needed for storing excess energy versus the energy 

produced by a pumped hydro storage system are investigated. Based on the results of rejected 

energy from an HRES, the optimal direct percentage of renewable energy to the system is 

determined afterward. The methodology and the results are analyzed in Chapter 6, while the 

conclusions are presented in section 7.3. 

1.5 Thesis structure 

In Section 1 of the thesis, a presentation of renewable energy sources and the prevailing institutional 

framework in Greece, as well as the EU's policy on RES is presented. In addition, an analysis of hybrid 

renewable energy systems is presented. Importance is given to the various energy storage methods, 

like pumped hydro storage, batteries and hydrogen production. Also, the water desalination process 

is demonstrated with a particular reference to the reverse osmosis method, which is the most 
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widespread and is examined in the context of this work. Finally, the aim, motivation, structure and 

contribution of this research are presented. 

In Section 2, the study area and the data processing are presented. Fournoi Korseon in the North 

Aegean is used as the case study for all the scenarios and the application of the methodology. Data 

about population, demand, as well as meteorological data of the island is displayed from 2013 until 

2019. Also, monthly wind speed, solar radiation and temperature for the reference year 2019 are 

displayed. The estimation of the optimal angle of the PVs is presented for each month and the 

mathematical background for the calculation of the total radiation on the tilted plane is presented. 

Finally, the area protection regime is depicted and the legislation framework for wind turbine sitting 

is provided. 

Section 3 presents a combined use of Multi-Criteria Decision-Making (MCDM) and Geographic 

Information Systems (GIS) methodology for the evaluation of eligible sites for wind turbine sitting for 

three scenarios with different combinations of criteria is presented. An extra constraint is examined, 

the minimum distance from the main settlement of the island. This leads to the lowest possible 

energy losses through the cables during the power transmission. Finally, a sensitivity analysis is 

performed, to determine the impact of each criterion on the suitability maps of an area.  

Section 4 presents the methodology that is created and followed in this thesis. The methodology 

initially concerns the modeling of each component of the HRES. Also, the various configurations, 

based on the combination of the various components that have been analyzed initially, are 

presented. Energy management strategies are described based on single or hybrid storage methods, 

depending on the storage technologies of each scenario. Subsequently, the methodology for the 

economic and environmental analysis that will be conducted, as well as the indicators that will be 

calculated to make the comparison between the scenarios, are presented.  

In Section 5 the results are presented for each examined configuration according to the methodology. 

Daily and monthly results about coverage of energy and water demands by the HRES, share of energy 

from different energy sources, consumed and produced energy of the HRES and the charging and 

discharging procedure for each storage method are displayed. Also, reliability analysis of each HRES, 

as well as economic and environmental indices are estimated, like the cost of energy (COE), cost of 

water (COW), loss of load probability (LOLP), payback period (PBP) and eliminated CO2 quantities.  

In Section 6, the methodology for calculating the rejected energy from an HRES is presented. This 

rejected energy depends on three different factors, the direct penetration of renewable energy into 

the network, the capacity of the pumping station and the volume of the upper reservoir. Based on 

the results of rejected energy from an HRES, the optimal direct percentage of renewable energy to 

the system is determined afterward. 
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In Section 7, the conclusions about the ΨbehaviorΩ of each storage method in the context of an HRES 

are presented. Also, key findings about the minimization of the rejected renewable energy of an HRES 

and the scenario with the optimal hierarchy of criteria, which combine both low cost and a larger 

surface for installation are demonstrated. Furthermore, thoughts and considerations for future 

research are provided. 

Subsequently, the Acknowledgments and the References; list are available. At the end of this thesis, 

the appendices are presented. In Appendix A ς Abbreviations the Abbreviations are listed, in 

Appendix B ς List of Figures and Appendix C ς List of Tables the list of Figures and Tables are presented 

respectively, in Appendix D ς Extended Summary in Greek (ɳˁˍʶˍʰ˃ʷ˄ʹ ˉʶˊʾ˂ʹ˕ʹ) the extended 

summary in Greek is provided and in Appendix E ς Complete List of Publications the complete list of 

publications by the author, associated with this thesis, is demonstrated. 
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2 Study Area and Data Processing  

 

 

2.1 Fournoi Korseon 

Fournoi Korseon or Fournoi Ikarias or Fournoi is a cluster of islands, islets and rocky islets of the 

Aegean Sea, in Greece. Their location is southwestern of island Samos and eastern of island Ikaria. 

The main ones are Thymena, Thymenaki (or Thymenonisi), Alatonisi (or Alafonisi, or Alatsonisi) in the 

west, Fournoi, Kisiria (or Diapori) in the center, Strongylo, Platy (or Plaka), Makronisi (or Markri) in 

the south and Anthropofas (or Anthro), Little Anthropofas, Kedro (or Little Anthropofas), Agridio (or 

Prasonisi), Agios Minas, Little Agios Minas, and Plakaki to the east. The main inhabited areas are 

Fournoi, Thymena and Agios Minas. Fournoi Korseon is the largest island of the cluster with an area 

of 30.5 km2 and the capital settlement with 1400 inhabitants. The characteristic of the islets of 

Fournoi is the very large coastline of 120 km, which exceeds in length that of Samos, which is 

comparatively much larger in size. Thymaina is the second-largest island of the complex with an area 

of 10.071 km2 and its population is 151 inhabitants living in the two settlements of the island, 

Thymaina with 140 inhabitants and Keramidou with 11 inhabitants. Agios Minas has an area of 2.1 

km2 and only 3 inhabitants. The highest point of the island is 470 m.  

Fournoi Korseon belongs to the Municipality of Fourni Korseon, Prefecture of Samos, North Aegean 

region. The municipality initially operated according to the Kapodistrias Plan as one of the eight 

municipalities of the prefecture of Samos from 1999 to 2010 based in the settlement of Fournoi. With 

the administrative division of 2011 (Kallikratis Plan), the administrative boundaries and the 

headquarters of the municipality did not change. Fournoi is located between the two large islands of 

the prefecture, Samos and Ikaria. Its area is 44 sq. km. All the settlements of the municipality are 

located on the largest island of Fournoi apart from Thymaina and Keramidou which are located on 

the island of Thymaina. In Figure 2-1 the island and its settlements are shown. The digital elevation 

model is obtained by the National Cadastre & Mapping Agency SA of Greece. The pixel size is 5 × 5 m, 

the geometric accuracy RMSE is z Җ 2.00 m and the absolute accuracy is about 3.92 m with a 95% 

confidence level. 

The climate in Fournoi Korseon, due to the geographical location and the influence of the sea, is 

characterized as the Mediterranean with mild winters and prolonged dry and hot summers, low 

annual rainfall and great sunshine all year round. Frost is rare in these areas, and even more rarely 

hail or snow. The average annual temperature is 18.4 ˇC. The average monthly minimum is 10 oC in 

February, and the average monthly maximum is 28.4oC in July. The prevailing winds are mainly 

westerly and northerly with intensities above 6 B. The relative humidity has an average value of 72.5 
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% in winter and 47.5 % in summer. The dry season lasts from April to October. The days of frost are 

1.2 per year, snow 1.5 and hail 3.3. The sunshine reaches 2915 hours per year with a maximum price 

of 398 hours in July, one of the highest in Greece. 

 

Figure 2-1 Study area ς Fournoi Korseon island 

The island has an underground landfill. In 2011 a static study of biological treatment was prepared 

for the settlement of Fournoi, but the construction has not been done until today.  The road network 

of the island connects Chora (port) with almost all the settlements. The permanent population uses 

mainly cars for their transportation, while in summer the visitors of the island are served by a small 

bus and some boats for the transfer to beaches, such as in Thymaina and Keramidou. The island has 

a gas station. The ferry connection is served by the port in Chora with ferries from the ports of Piraeus, 

Ikaria and Samos. There is a network of Hellenic Telecommunications Organisation S.A. which reaches 

almost all settlements. Mobile telephony is served by all networks and there are three antennas 

installed, two by Cosmote, near the settlement of Fournoi and on the Varela hill, and the third, by 

Vodafone, near the settlement of Plagia. In the settlement of Fournoi, the service of the municipality 

of Fourň i Korseon operates together with the technical service of the municipality. Also, the 

settlement has a Citizen Service Center (and the second one in Thymaina), a police station, a port 

station, a health center, a Hellenic Post office, a high school and two primary schools (and a third 

primary school in the settlement of Chrysomilia).  
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Most of the area of the island and specifically 76%, is covered by hardwood vegetation. They are 

followed by a much smaller proportion the natural pastures (14.5%), areas with sparse vegetation 

(2.0%), land covered mainly by agriculture with significant areas of natural vegetation (1.2%), 

intermittent urban construction (1.1%), transitional wooded shrubs (1.1%) and indefinite coverage 

(4%). 

 

 

Figure 2-2 RAE Geoportal Map of Regulatory Authority for Energy (RAE) - https://geo.rae.gr/ 

There is no extended production of agricultural products on the island, except for a few olives and 

vineyards for private use. It is the island of fishermen and beekeepers, as the main areas of activity 

of the inhabitants are fishing and beekeeping. The traditional products of the island are summarized 

in thyme honey, royal jelly, pollen, propolis, jams and desserts, herbs and natural wax. The excellent 

natural landscape of Fournoi, the typical residential environment of the settlements, the beaches and 

especially the calm rhythm of life are the strong elements that attract visitors. Today there are 27 

companies registered either as rooms for rent or as hotels. The restaurant lists 10 businesses that 

offer food, coffee and drinks. The tourist activity belongs to the residents. The peak of the tourist 

season is located in August when most visitors are mainly Greeks and European foreigners. In recent 

years there has been a significant extension of the tourist season, as it starts in May and gradually 

https://geo.rae.gr/
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increases until September. At the beginning and end of the summer season the visitors are German 

naturalists and walkers who come either individually or in small groups. 

Chrysomilia since 2008 is connected to a water supply network and to a desalination plant with a 

capacity of 100 m3/day. The desalinated water is available to the residents through a desalination 

reservoir. The desalination system is supplied on a daily basis with 11 m3/hr of sea water 45% of which 

is desalinated produced water and 65% returns to the sea with the salt. The water is deionized and 

enriched with various trace elements to be potable. The chemicals used are controlled by various 

electronic indicators and frequently a sample is sent to the State General Chemistry Laboratory for 

inspection. The desalination plant is not autonomous and is supplied with electricity produced by 

conventional fuels.  In Thymaina the water is drilled from a natural spring of 94 m depth. Purification 

of water is accomplished by the method of reverse osmosis. The reverse osmosis filter was installed 

in 2009. The water after drilling is transported to a large reservoir of 3,000 m3 and after filtration is 

transported through pipes to a smaller tank of 400 m3, which can meet the needs of the island for 3 

to 4 days. In the settlement of Fournoi, where most of the permanent population lives, there is no 

water supply. For their domestic water needs, the residents use rainwater harvesting systems and 

potable water is available in a public tap in the central square of the village. The alternative is the use 

of bottled water which increases the cost of the water and at the same time burden the environment. 

There is no municipal water supply available for agricultural use. Private wells are used for irrigation 

needs, which leads to the salinization of the aquifers and lowering of the groundwater table. 

However, there is no large agricultural production and agricultural products are available for private 

use. 

The island is submarine-connected with the nearby island of Samos in order to fulfill its energy 

demands. This results sometimes in extended blackouts. The situation worsens during the summer 

months when demand increases due to tourism. Although, the ƛǎƭŀƴŘΩǎ ǿƛƴŘ ŀƴŘ ǎƻƭŀǊ ǇƻǘŜƴǘƛŀƭ are 

very high, however, they are unexploited yet. As shown in Figure 2-2 possible locations for the 

installation of wind farms (Geoportal Map of Regulatory Authority for Energy (RAE) , 2022) are under 

evaluation (yellow polygons), while a hybrid project in the east of the island has production a license 

from RAE and the operating license is pending (green color). This is a project similar to the Tilos 

project from Eunice Energy Group. Finally, in the south of the island, an application for a hybrid 

project has been rejected. 

The whole island belongs to the Natura habitat, according to Filotis, the database of the Greek Nature 

(Filotis, Database for the Natural Environment of Greece, 2022). Many monuments of the island prove 

the long history of the island. The main of them are the Akropoli, the Ancient Settlement of Kamari, 

the Ancient Quarry in Petrokopio and Sarkofagos. Akropoli is a huge cyclopean wall of a prehistoric 

castle with hewn stones on the hill of Agios Georgios above the village. On the foundations of the 
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ancient castle a classical era castle is built which constitutes the Akropolis of Fournoi. There is also a 

temple in the castle. The Ancient Quarry in Petrokopio is found at the mouth of a small cove in 

Petrokopio. In many parts of the hill, the traces of ancient quarrying are clear, while the entire slope 

from the quarry of Petrokopio to the coast is covered with lapis and large pieces of marble. The 

archaeologists confirm that ancient Miletos is built from these marbles. A second ancient quarry also 

exists in the Tsiganario area. Ancient Settlement of Kamari is located on the western side of the island 

and owes its name to a ruined semi-cylindrical dome. A settlement of late antiquity has been 

identified in this area. Remains of buildings extend from the slopes of the low hill to the sea and 

continue into it. Rectangular rooms and the outline of a pithos can be seen in the shallow water. The 

walls are built with stones. On the hill, in the precinct of the church of Taxiarches, there are fluted 

columns of granite, porolite and rectangular marble slabs. The traces of clandestine digging of graves 

are evident among the thick bushes that cover the slope. Sarkofagos was found on a plot of land in 

ǘƘŜ Ƴŀƛƴ ǎŜǘǘƭŜƳŜƴǘ ƻŦ CƻǳǊƴˇƛ ŀƴŘ ǘƻŘŀȅ ƛǘ ǎǘŀƴŘǎ ƛƴ ǘƘŜ ǾƛƭƭŀƎŜ ǎǉǳŀǊŜ ƛƴ ŀ ǇŜǊŦŜŎǘ ǇŀǊŀƭƭŜƭŜpiped 

shape with embossed decorations and an inscription. This monument is similar to two others found 

in the Kampos Collection of Ikaria, in ancient Oinoi. Since during the excavation the Sarkofagos was 

found resting on rectangular supports it is assumed that it must have been found in its original 

position and that a Roman cemetery must be located in the vicinity. The entire system is installed so 

as not to be visible from the island's archeological monuments due to restrictions imposed by 

legislation and spatial criteria (Baltas & Dervos, 2012). 

 

2.2 Data collection and processing 

2.2.1 Population data 

The permanent population of the island is provided by the Technical Service of the island, and it is 

1400 residents. However, it is worth noting that the population of the island fluctuates significantly 

depending on the time of year, as Fournoi is a popular tourist destination in the Aegean Sea, and its 

population can swell during the summer months. According to the Technical Service of the island, the 

population reaches 4000 during summer and especially in August, which is the month with the most 

tourist traffic in the Greek islands. In Table 2-1 the data on the population and its monthly fluctuations 

throughout the year are presented. 
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Table 2-1 Monthly population data 

Month Population Month Population 

January 1,400 July 3,000 

February 1,400 August 4,000 

March 1,400 September 1,700 

April 1,400 October 1,400 

May 1,700 November 1,400 

June 2,600 December 1,400 

 

2.2.2 Demand data 

Domestic water requirements are provided by the Technical Service of the island and are equal to 

about 91,500 m3 per year. Monthly demands range from 5,000 m3, from October to April, to 16,000 

m3 in August, the most demanding month due to tourism. In Figure 2-3 the daily consumption profile 

used is presented for a day in August. 

For the estimation of irrigation water requirements, data about the crops and the corresponding 

areas cultivated on the island are used. These data have been obtained by (Hellenic Statistical 

Authority, 2022) and are presented in Table 2-2. 

 

Figure 2-3 Hourly domestic water consumption for 15th of August 

According to the Hellenic Statistical Authority, the 76% of the island is covered by scrub vegetation, 

the 14.5% is grazing land, areas with sparse vegetation are about 2.0%, intermittent civil construction 

covers the 1.1% of the total area, transitional wooded scrublands are 1.1%, indeterminate coverage 

is 4% and land covered by agricultural and natural vegetation is 1.2%. Using the Blaney-Criddle 

method (Blaney HF & Criddle WD, 1962) the evapotranspiration is calculated and is construed as 

irrigation water. Blaney and Criddle developed an empirical relationship between evaporation, 

average air temperature, and average daylight hours. Evapotranspiration is directly dependent on 
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the sum of the products of the average monthly air temperatures and the percentage of daylight 

hours of the month, in an actively growing crop with sufficient soil moisture according to Equation 

2-1. 

ὉὝ ὯὊ Ὧ
ρȢψὝ σςὴ

σȢωτ
 Equation 2-1 

where ET is the monthly potential evaporation in mm, k is an empirical crop coefficient referring to 

the specific crop, T is the average monthly air temperature in oC and p is the percentage of daylight 

hours of the month and is given by Equation 2-2. 

ὴ ρππ
ὔϽ‘

σφυϽρς
 Equation 2-2 

ǿƘŜǊŜ b ƛǎ ǘƘŜ ŀǾŜǊŀƎŜ ŀǎǘǊƻƴƻƳƛŎŀƭ ƭŜƴƎǘƘ ƻŦ ǘƘŜ Řŀȅ ƛƴ ƘǊ ŀƴŘ ˃ ƛǎ ǘƘŜ ƴǳƳōŜǊ ƻŦ Řŀȅǎ ƛƴ ǘƘŀǘ ƳƻƴǘƘΦ  

k values have been determined by Blaney and Criddle for various crops. The method was originally 

developed to calculate the seasonal needs that refer to the germination period of each crop. The 

values of the monthly crop coefficients of irrigated crops and the seasonal crop coefficient of each 

crop have significant differences. This is due to the different development of the root system and the 

aboveground part of the crop depending on the stage of development in which it is located. 

Therefore, to calculate the monthly water needs of the crops, it is necessary to use the monthly crop 

coefficients.  

Table 2-2 /ǊƻǇΩǎ ŀǊŜŀ 

Crops Area (m2) 

Cereals 14,800.00 

Vegetables 7,075.00 

Citrus fruits 41,650.00 

Fruit trees 122,225.00 

TOTAL 185,750.00 

The irrigation season extends from April to September and desalination for irrigation purposes is 

calculated only for these months. Total irrigation water requirements are equal to about 102,000 m3 

per year, while the minimum monthly demand is 1,000 m3 in April and the maximum is 30,000 m3 in 

July.  

The demand for desalinated water is increased in summer due to both tourism and the irrigation 

season. The monthly demands for desalinated water for both domestic and irrigation purposes are 

presented in Table 2-3. 
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Table 2-3 Monthly domestic and irrigation water requirements 

Month Domestic water (m3) Irrigation water (m3) 

January 5,400 0 

February 5,400 0 

March 5,400 0 

April 5,400 988 

May 7,200 20,033 

June 10,200 25,842 

July 12,000 29,114 

August 15,600 26,299 

September 7,200 10,391 

October 5,400 0 

November 5,400 0 

December 5,400 0 

TOTAL 90,000 112,667 

 

Irrigation is performed at night as this prevents excessive evaporation, which can waste a large 

amount of water. Also, during the night the demand for domestic water and energy consumption is 

reduced, so any RES production can more easily be given directly for desalination of irrigation water 

and achieve more demand coverage. 

The desalination of seawater is performed by the reverse osmosis method. The energy consumption 

for desalination is estimated equal to 5.85 kWh/m3 (Fornarelli et al., 2018; D. Xu et al., 2019). In Table 

2-4 the monthly energy requirements for domestic and irrigation water desalination, as well as the 

energy requirements for the household consumption (electric load) are presented. During winter the 

maximum demand for household consumption is observed, while in July and in August the maximum 

consumption is for the desalination process. 

Data about electric load are provided by the Public Power Corporation (PPC) and the monthly 

variation is given, also, in Table 2-4. The demand increases in winter due to energy-consuming habits, 

like water and building heating. It, also, increases in the summer due to tourism. The consumption 

ranges from 162,840 kWh in September to 665,446 kWh from December to March.  Electricity data 

are provided monthly and their aggregation into an hourly step is based on the consumption profile 

for Athens by (Psiloglou et al., 2009). In Figure 2-4 the daily consumption profile used is presented 

for a day in August. 
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Table 2-4 Monthly electricity requirements for desalination and household consumption 

Month Domestic water 

(kWh) 

Irrigation water 

(kWh) 

Household consumption 

(kWh) 

Total consumption       

(kWh) 

January 31,590 0 665,446 697,036 

February 31,590 0 601,048 632,638 

March 31,590 0 665,446 697,036 

April 31,590 5,778 495,990 533,358 

May 42,120 117,192 296,050 455,362 

June 59,670 151,177 286,500 497,347 

July 70,200 170,315 434,000 674,515 

August 91,260 153,850 504,835 749,945 

September 42,120 60,788 162,840 265,748 

October 31,590 0 168,268 199,858 

November 31,590 0 325,680 357,270 

December 31,590 0 665,446 697,036 

TOTAL 526,500 659,100 5,271,549 6,457,149 

 

 

Figure 2-4 Hourly electricity consumption for 15th of August 

 

2.2.3 Meteorological data   

The island has high wind and solar potential. In Figure 2-5 the wind potential is depicted according to 

annual wind speed data at a height of 40 m. The layer of these data is obtained by Geodata 

(GEODATA, Open Data Accessible to Everyone, 2019), which they have been calculated by the Centre 

for Renewable Energy Sources and Saving (CRES) based on an extensive program of in situ 

measurements and application of a mathematical model. 
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  Figure 2-5 Wind potential of Fournoi Korseon island 

 

Figure 2-6 Solar potential in Fournoi Korseon and the nearby islands, Samos and Ikaria (Source: Hellenic 
Network of Solar Energy)              
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Figure 2-6 presents the map of Global Horizontal Irradiation (GHI) in kWh/m2 for Fournoi (the island 

in the center) from the Hellenic Network of Solar Energy (Nikitidou et al., 2015). In the west is Ikaria 

and in the east is Samos. It is observed that Fournoi has a particularly high solar potential. Hellenic 

Network of Solar Energy has implemented an integrated system for real-time monitoring of the 

available solar potential in Greece by producing solar energy maps in detailed spatial and temporal 

analysis and providing a forecast of solar energy levels. The system is supported by an updated 

climatic study of solar energy for the period 2002-2012. The project combines for the first time for 

Greece solar energy measurements from a well-organized network of stations, with satellite images 

of the cloud cover, satellite data of atmospheric suspensions and calculations with models leading to 

the production of maps (and data) of solar energy from Greece in a very detailed time and space 

scale, as well as in the daily short-term forecast of solar energy levels (Hellenic Network of Solar 

Energy 2002-2012, 2022). 

  

(a) (b) 

  

(c) (d) 

 

Figure 2-7 Monthly data for years 2013-2019 (a) temperature, (b) wind speed, (c) solar irradiance, (d) 
precipitation 

 

Data about wind speed, temperature and precipitation are obtained from the weather station of 

Fournoi Korseon of the National Observatory of Athens Automatic Network-NOANN (Lagouvardos et 
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al., 2017). Also, data about solar irradiance are obtained from the weather station of Samos Island, 

as in the station of Fournoi there are no measurements of solar irradiance. In Figure 2-7 the monthly 

data for the years 2013-2019 are shown about (a) temperature, (b) wind speed, (c) solar irradiance 

and (d) precipitation. Also, in Figure 2-8 the monthly wind speed, solar radiation and temperature for 

the reference year 2019  are depicted.  

For the calculation of the energy from the PV, the irradiance on the tilted plane is used, where the 

tilted plane is the inclination of the PV frame. This angle must be optimal for every month in order to 

make the best use of the solar potential and the PVs for energy production. To find the optimal angle 

for the study area, the radiation is calculated for each month on the tilted plane and Figure 2-9 shows 

the values of the radiation for a series of angles. Each month the PV is considered to have the optimal 

angle. 

         

Figure 2-8 Monthly wind speed, solar radiation and temperature for the reference year 2019    

 

Figure 2-9 Total irradiance in tilted plane for different for different inclination of PV 

 

To calculate the irradiance on the tilted plane, the solar deviation ‏ from Equation 2-3 is estimated. 

‏ ςσȢτυϽίὭὲσφπϽ   Equation 2-3 
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where Ὀ is the number of days in the year. 

The hourly sunset angle ‫  is then calculated according to Equation 2-4. 

‫

‍ πȟ ‎ πȟ ὧέί ὸὥὲ•Ͻὸὥὲ‏ 

‎ πȟ   ‍ πȟ   άὭὲὧέί ὸὥὲ•Ͻὸὥὲ‏ȟ   ὧέί ὸὥὲ • ‍Ͻὸὥὲ‏
 

Equation 
2-4 

where ‍ is the slope of the reference surface in degrees. Also, ‎ is the azimuth surface angle in 

degrees and is equal to 0 for the south orientation and • is the latitude, also in degrees, which for 

Fournoi Korseon is equal to 37.58o. 

The geometric factor for the average day of the month, Ὑ , is calculated according to Equation 2-5. 

Ὑ
ὧέί• ‍Ͻὧέί‏ϽίὭὲ‫

“
ρψπϽ‫ ϽίὭὲ• ‍ϽίὭὲ‏

ὧέί•Ͻὧέί‏ϽίὭὲ‫
“
ρψπ

Ͻ‫ ϽίὭὲ•ϽίὭὲ‏
 Equation 2-5 

The average monthly clearness index kt is calculated, which is defined as the quotient of the average 

monthly total solar radiation on the ground to the corresponding value in the atmosphere. The 

calculation is based on the linear relationships that have been extracted, using available data on the 

average monthly values of the clearness index in various regions of Greece by (Vazaios, 1987) and 

using the latitude for the region of interest (Balaras et al., 2006). Table 2-5 shows the monthly values 

of the clearness index kt for Fournoi Korseon. 

Table 2-5 Monthly clearness index kt for Fournoi Korseon 

Month kt 

January 0.4211 

February 0.4535 

March 0.4919 

April 0.5356 

May 0.5819 

June 0.5966 

July 0.6039 

August 0.6025 

September 0.5817 

October 0.5226 

November 0.4757 

December 0.4235 

 

The ratio of the mean diffuse radiation to the corresponding mean total radiation in a horizontal 

plane is calculated according to Equation 2-6 by (Collares-Pereira & Rabl, 1979). 
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Ὄ

Ὄ
πȢχχυπȢππφυσϽ‫ ωπ πȢυπυπȢπτυυϽ‫ ωπ

ϽὧέίρρυϽὯ ρπσ 

Equation 2-6 

Finally, the total radiation is calculated on the tilted plane from Equation 2-7. 

Ὄ

Ὄ
ρ
Ὄ

Ὄ
ϽὙ πȢυϽ

Ὄ

Ὄ
Ͻρ ὧέί‍πȢυϽ”Ͻρ ὧέί‍ Equation 2-7 

where ́  is the reflectivity of the surface. 

2.3 Area Protection Regime   

The important habitats are distinguished for the presence in them of endangered species of the Greek 

flora and fauna. Endangered species are species that are in immediate danger of extinction 

(endangered), those who may be in danger (vulnerable) and those who are vulnerable because they 

have small populations (rare). The condition of the habitats, the species of flora and fauna and in 

general the ecological wealth of the Greek nature still remains very good in comparison with the 

other European countries. The area of Fournoi Korseon, according to the database for the Greek 

nature Filotis (Filotis, Database for the Natural Environment of Greece, 2022) is a Corine and Natura 

habitat. Figure 2-10 (a) shows the area covered by the Corine habitat with the code name "Fournoi 

Islands of Ikaria - ɮлллмллунϦ, (b) the Natura habitat GR4120004 ΨIkaria - Fournoi ŀƴŘ /ƻŀǎǘŀƭ ½ƻƴŜΩ 

and (c) the bŀǘǳǊŀ Ƙŀōƛǘŀǘ Dwпмнлллс ΨLǎƭŀƴŘ CƻǳǊƴƻƛ ŀƴŘ LǎƭŜǘǎ ¢ƘȅƳŀƛƴŀΣ !ƭŀǘǎƻƴƛǎƛΣ ¢ƘȅƳŀƛƴŀƪƛΣ 

Strongylo, PlakŀΣ aŀƪǊƻƴƛǎƛΣ aƛƪǊƻǎ ŀƴŘ aŜƎŀƭƻǎ !ƴǘƘǊƻǇƻŦŀƎƻǎΣ !Ǝƛƻǎ aƛƴŀǎΩ. 

 

   

(a) (b) (c) 

Figure 2-10 Filotis database (a) Corine habitat ɮлллмллун "Fournoi Islands of IkariaέΣ όōύ Natura habitat 
GR4120004 ΨIkaria - Fournoi ŀƴŘ /ƻŀǎǘŀƭ ½ƻƴŜΩΣ όŎύ bŀǘǳǊŀ Ƙŀōƛǘŀǘ GR412000с ΨLǎƭŀƴŘ CƻǳǊƴƻƛ ŀƴŘ LǎƭŜǘǎ 
Thymaina, Alatsonisi, Thymainaki, Strongylo, Plaka, Makronisi, Mikros and Megalos Anthropofagos, Agios 
aƛƴŀǎΩ.  
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The total area of the habitat is 4507.02 ha, the land area is 6100.00 ha, the total perimeter is 129.0 

km and the maximum altitude is 514.0 m. There is sparse shrub vegetation, many sea cliffs, bays and 

smaller coastal rocks. The condition of the place is degraded and requires maintenance. It is an area 

with seabirds, as well as an important passage for birds. The Mediterranean Seal was common, but 

the current situation is unknown. Illegal fishing is a threat to the area. Remarkable plants, mammals 

and birds appear in the area, the list of which can be found in Filotis. The total area of the habitat 

GR4120004 is 12909.00 ha, the rough area is 9467.81 ha, the total perimeter is 182.0 km and the 

maximum altitude is 1000.0 m. The site is characterized by high biodiversity and the abundance of 

endemic and local endemic plants and invertebrates appearing in the area. The high altitudes of the 

island, the geographical location of the nearby island of Ikaria and the plenty of biotopes are 

responsible for the high endemism. The main threats to the habitat derive from human activities and 

especially the fires that are caused by humans. Also, grazing is an additional threat to the habitat, as 

well as the reforestation of species that do not belong to the natural ecosystem of the area. A major 

threat to marine species, plants and animals, is uncontrolled fishing. Also, the increase in tourism is 

a potential threat to the coasts and, also, for the vegetation due to free camping and the uncontrolled 

waste with all that entails. Remarkable plants, mammals and amphibians/reptiles appear in the area, 

the list of which can be found in Filotis. The total area of the habitat GR4120006 is 4587.16 ha, the 

land area is 4587.16 ha, the total perimeter is 137.7 km and the maximum altitude is 488.0 m. Coasts 

are characterized by most typical Aegean cliffs, reefs and cavities. The vegetations which are 

dominated are phrygana and maquis, olive groves and cereal fields. ɰreeding seabirds and typical 

Mediterranean scrub species appear here. Remarkable birds appear in the area, the list of which can 

be found in Filotis. 

2.4 Legislation framework for wind turbine sitting 

A number of laws and regulations govern the legal framework for wind turbine sitting in Greece. 

According to them there are building and operating licenses. A building license must be obtained 

from the local authorities before a wind turbine can be set up. Additionally, the Regulatory Authority 

for Energy (RAE) must be contacted to obtain an operating license. This license can be used up to 25 

years. Also, wind turbines with a capacity of more than 3 MW require an environmental impact 

assessment (EIA). The potential effects of the wind turbines on the community and surrounding 

environment must be considered in the EIA. In accordance with the guidelines established by the 

Hellenic Electricity Transmission System Operator (ADMIE), wind turbines must be connected to the 

grid. Additionally, developers must ensure that their wind turbines comply with ADMIE's grid code 

requirements. The local authorities' planning and zoning regulations must be followed by wind 

turbines. The proposed locations of wind turbines must be in areas designated for renewable energy 

projects, which developers must ensure. Furthermore, health and safety regulations must be 
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followed when designing and sitting wind turbines. In addition, developers must conduct risk 

assessments and implement appropriate safety measures. It is essential to keep in mind that the 

requirements might differ depending on the capacity and location of the proposed wind turbine. 

According to (Official Gazette 2464, 2008) about the Renewable Energy Sources and their 

environmental impact,  Greece is divided into four main categories as far as the installation of wind 

turbines is concerned, based on the wind potential that can be exploited and the spatial and the 

environmental characteristics of  Greece.  

a. The mainland, including, also, Euboea. 

b. Attica, which is considered separately from the rest of the mainland, due to its metropolitan 

nature. 

c. Crete and all the inhabited islands of the Ionian and the Aegean Sea. In this category belongs this 

case study of Fournoi Korseon as one of the islands of southern Aegean Sea. 

d. Offshore marine space and uninhabited islets. 

Areas of incompatibility and exclusion zones, where the installation of wind turbines is prohibited are 

summarizes in the following categories. 

a. Declared World Heritage Sites, monuments of major importance, delimited archaeological sites. 

b. Areas of absolute nature protection. 

c. The Ramsar Wetlands (boundaries of Wetlands of international importance). 

d. The cores of national farms and the delimited monuments of nature and aesthetic forests. 

e. Priority Areas in the territory of Greece that belong to NATURE 2000 network in accordance with 

Directive 2006/613/EC of the European Parliament. It should be noted that according to (Official 

Gazette 85, 2010) the installation of RES stations is allowed as a means of climate protection, 

provided that the terms and conditions determined in the context of the environmental impact 

studies of the stations, ensure the preservation of the protected areas. 

f. Within town plans and settlement boundaries before 1923 or below 2000 inhabitants. 

g. Areas of organized development of productive activities in the tertiary sector. 

h. Informally designed, within the context of off-plan construction, tourist and residential areas. 

i. The bathing shores included in the bathing water quality monitoring program coordinated by the 

commanding ministry. 

j. The parts of the quarry areas and the mining zones. 
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k. Other areas or zones that are currently subject to a special land use scheme, which does not permit 

the location of wind farms. 
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3 Wind turbine sitting 

 

This ŎƘŀǇǘŜǊ ƛǎ ōŀǎŜŘ ƻƴ ǘƘŜ ǇǳōƭƛŎŀǘƛƻƴ άaΦ .ŜǊǘǎƛƻǳΣ !ΦtΦ ¢ƘŜƻŎƘŀǊƛΣ 9Φ .ŀƭǘŀǎ, Multi-criteria analysis 

and GIS methods for wind turbine siting in a North Aegean island, Energy Science & Engineering, 

Volume 9, January 2021, Pages 4-18, https://doi:10.1002/ese3.809έ 

 

3.1 MCDM and GIS methodology for wind farm design 

In this section a methodology for the evaluation of eligible sites for the installation of WT is presented 

and it is based to (M. M. Bertsiou et al., 2021). It is  a combination of Multi-Criteria Decision-Making 

(MCDM) and Geographic Information Systems (GIS) for the design of a wind farm in the study area. 

It is based on geomorphological, technical and spatial criteria, according to the current legislation 

framework, as it has been presented in section 2.4. The concept behind this strategy is to offer a 

versatile decision-making structure that presents various scenarios, allowing the decision-maker, 

which could be the manufacturer, local community, or ministry, to select the order of importance of 

the criteria that suits their specific region and priorities. The goal is to provide a personalized 

approach that meets the unique needs of each stakeholder. Criteria weights are estimated by the 

implementation of the Analytic Hierarchy Process (AHP) to illustrate their impact on the final design. 

AHP is based on a framework by (Saaty, 1977). The criteria that are selected to be evaluated are 

presented below. Some of the criteria mentioned in the legislation framework have been not taken 

into account, like wetlands, Ramsar, monasteries, as all the above do not exist in the island. 

¶ The first criterion is the wind potential, ὅ . For maximizing the produced energy from the 

wind turbines, the wind potential should have maximum possible value.  

¶ The second criterion is the altitude in which the wind turbines are installed, ὅ . Wind 

potential tends to be more intense at higher altitudes, so it is considered that high altitudes 

are required to increase wind energy production.  

¶ The third criterion is the distance from the settlements, ὅ . According to the framework 

legislation, there is an exclusion zone within 500 m of the settlements where the installation 

of the wind turbines is prohibited. On the other hand, the closer a wind turbine can be 

installed to the settlement that supplies electricity, there are less amounts of lost energy 

through the cables and thus more demands are covered.  
¶ Next criterion is the distance from the road network, ὅ . According to the framework 

legislation, the installation of the wind turbines is not prohibited up to 10,000 km from the 

road network. As Fournoi Korseon is a small island, this restriction is satisfied in advance. It 

https://doi:10.1002/ese3.809
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is preferable to install the wind turbines in places close to the road network in order to avoid 

the construction of accompanying projects, i.e., road excavation etc.  

¶ The next criterion is the distance from mobile telephony antennas, ὅ . Like the criterion 

about the distance from the road network, it is preferable to install the wind turbines in 

places close to mobile telephony antennas  in order to avoid the construction of 

accompanying works and instead take advantage of the accompanying projects constructed 

for the mobile telephony antennas. Also, according to the framework legislation, there must 

be an exclusion zone from telecommunications stations, designated  in the context of the 

environmental impact assessments. In this study, this zone is assumed equal to 200 m. 

¶ The sixth and last criterion is the distance from the archaeological sites, ὅ . According to 

the legislation is prohibited to install wind turbines within 500 meters from the archaeological 

sites and it is preferable the installation to be far away for the cultural heritage protection. 

Construction of technical projects are avoided near monuments, due to visibility restrictions 

from them. 

The methodology followed factor standardization and constraint enforcement is depicted in Table 

3-1. 

Table 3-1 Criteria for wind turbine sitting 

Criteria Standardization Constraints 

ὅ   Equation 3-6 Wind speeds > 2 m/sec 

ὅ   Equation 3-6 High altitudes meet high wind potential 

ὅ   Equation 3-7 Distance from their boundaries > 500m 

ὅ   Equation 3-7 Distance < 10,000 m 

ὅ   Equation 3-7 Distance > 200 m 

ὅ   Equation 3-6 Distance > 500 m 

 

The National Cadastre & Mapping Agency S.A. of Greece provides the digital elevation model for the 

study area, with a pixel size of 5x5 meters, a geometric accuracy RMSE of Ȋ Җ нΦлл ƳŜǘŜǊǎΣ ŀƴŘ ŀƴ 

absolute accuracy of approximately 3.92 meters for a 95% confidence level. Wind potential is 

measured by CRES (Centre for Renewable Energy Sources and Saving), using an extensive program of 

in situ measurements and mathematical models and the corresponding layer is obtained by Geodata 

(GEODATA. Open Data Accessible to Everyone). Settlements are obtained by CORINE Land Cover 2018 

(CORINE Land Cover 2018. Land Cover Dataset for 2018), by choosing continuous urban construction 

and intermittent urban construction categories. In this database, the main settlement of Fournoi 

accessed, making necessary to manual digitize the remaining settlements using the basemap from 

!ǊŎDL{ hƴƭƛƴŜΦ wƻŀŘ ƴŜǘǿƻǊƪΩ ƭŀȅŜǊ ƛǎ ƻōǘŀƛƴŜŘ ōȅ DŜƻŦŀōǊƛƪ hǇŜƴ{ǘǊŜetMap Data(Geofabrik. 

OpenStreetMap Data, 2019). The layer of mobile telephony antennas is manually digitized according 
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to data from the Antenna Construction Information Portal (Antenna Construction Information Portal, 

2019) of the National Committee of Telecommunications & Postals. The layer of archaeological sites 

is also manually digitized based on Official Gazettes (Official Gazette 15, 1991; Official Gazette 25, 

1993; Official Gazette 1031, 1996) about the characterization of certain areas as archaeological sites.  

The digital elevation model and consequently the layer of the altitude, are raster data, while the 

layers of the remaining five criteria are vector layers with no spatial resolution. Both raster and 

vectors layers are linked to tabular databases storing attribute information about the locations 

delineated by the grid cells, the nodes and the polygons and they have a common Projected 

Coordinate System. The GIS-MCDM model for the wind turbine sitting is presented in Figure 3-1. 

 

Figure 3-1 GIS-MCDM model for wind turbine sitting 

 

First, the selection of the criteria and the corresponding constraints according to the legislation 

framework is made. All the data are collected and using ArcMap all the layers are entered, defining 

the buffer zones for each criterion, where the installation of wind turbines is forbidden. For the 

remaining area of the island, a final score, ὊὛ, is estimated based the weight of each criterion. 
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Four methods are used for the estimation of the weights:  

¶ the ranking, which is the simplest method and the classification of the criteria is made by the 

decision makers according to their preferences. In this method,  

¶ the rating, where there is a predetermined scale for the estimation of the weights, 

¶ the trade-off method, where direct assessments between alternative pairs are made, 

¶ the pairwise comparison, which involves creating a ratio matrix by comparing pairs of 

alternatives. This is the method used in this study, as its advantage is that it provides a 

structured approach for group discussions and helps to identify areas of agreement and 

disagreement when the weights of the criteria are set (Drobne & Lisec, 2009). The whole 

technique is developed by (Saaty, 1977) and it is known as AHP. The method used for the 

combination of the decision criteria and their weights into a final score is the Weighted Linear 

Combination (WLC) producing a suitability map. 

The final score (ὊὛ), which depicts the suitability index is estimated by Equation 2-1 (Malczewski, 

1999). 

ὊὛ ύ ὥ  Equation 3-1 

ύ: weighting parameter 

ὥ: value parameter 

Ὥ: the selected scenario 

Ὦ: the selected criterion 

ὲ: total number of the criteria 

When constraints must be applied, the ὊὛ is multiplied  with the product of these constraints (Saaty, 

1977) and the new ὊὛ is estimated by Equation 3-2. 

ὊὛ ύ ὥ Ͻ ὧ Equation 3-2 

ὧ: the score of Boolean constraints 

The optimal sites for wind turbine sitting are determined by the final score. Each weight is calculated 

by AHP method. The AHP assumes that the final decision depends on available data as well as the 

experience and knowledge of the decision maker. The decision makers in this case are wind turbine 

designers who use a MCDM analysis to develop standardized procedures for solving problems like 

site selection. This involves combining different factors like geomorphological, technical, and spatial 
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criteria, and transforming geographic data into a resulting decision. The relationship between input 

and output maps is clearly defined through this procedure. The GIS organizes data into distinct 

thematic maps known as layers. This strategy aims to give decision-makers the ability to select the 

criteria hierarchy that best suits their particular area and priorities while also providing a flexible 

decision framework for a variety of scenarios.  Both MCDM's ability to combine geographical data 

and the preferences of the decision maker into a one-dimensional value of alternative decisions and 

GIS's data acquisition, storage, retrieval, manipulation, and analysis capabilities are crucial to the 

methodology (Malczewski, 2004). The first step of the analysis is identifying the general problem and 

the individual objective. The current legislation framework in Geece guides the designers to the 

selection of the criteria. The various possible scenarios that represent the various purposes of 

decision-makers are investigated. As can be seen in Table 3-2, after collecting and analyzing the 

geospatial data, the determination of any imposed constraints and the standardization of the criteria 

scores is followed. After that, the results are produced by determining the criteria's composition and 

the appropriate weights. The idea behind AHP is that the data that is available and the knowledge 

and the experience of the decision maker are similarly important. This approach has been used in a 

number of studies (Ali et al., 2018; Al-Shabeeb et al., 2016; Rehman & Khan, 2017). The current 

approach is based on building a hierarchical model to solve the problem. This model allows for 

pairwise comparisons based on a fundamental comparison scale developed by (Saaty, 1977) as shown 

in Table 3-2. The comparisons are based on how important the two factors in determining suitability 

are in relation to one another. The ability to capture both subjective and objective aspects of a 

decision is the main feature of this method (Malczewski, 2006). The AHP method's output, are linearly 

combined to arrive at the final score and select the best locations for the wind farms. 

Table 3-2 Scale and description of importance 

Numerical value Importance 

1 Equal 

3 Weak importance of one over another 

5 Essential or strong importance 

7 Demonstrated importance 

9 Absolute importance 

2, 4, 6, 8 Intermediate values between the two adjacent judgments 

 

The last step of AHP method is the estimation of the consistency ratio (ὅὙ). The ὅὙ is estimated for 

each scenario by comparing the consistency index of the matrix ὅὍ and the consistency index of a 

random matrix 2). This relationship is described by Equation 3-3. It specifies the likelihood that the 

ratings in the matrix will be generated at random. 
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ὅὙ
ὅὍ

2)
 Equation 3-3 

The ὅὙ values should be up to 10% guaranteeing the acceptance of the hierarchy and the calculated 

weights, otherwise, the re-evaluation is needed. The analysis of the matrix should provide 

information about where the inconsistencies occur. 

The ὅὍ is estimated by Equation 3-4. 

ὅὍ ‗ ὲȾὲ ρ Equation 3-4 

Where n indicates the total number of the criteria 

The ˂ max is estimated by Equation 3-5. 

‗
В ύ ὥ

ύ
   Equation 3-5 

The consistency index of a random matrix RI is provided in Table 3-3 and it depends on the number 

of the criteria. 

In order to categorize the selected criteria in a common scale of comparison, they are standardized 

using GIS environment and specifically ArcMap program. The common scale of comparison is 

necessary in order the ὊὛ can be comparable. There are many standardization methods (Voogd, 

1983), however the simplest is the linear transformation (Drobne & Lisec, 2009) and it uses the 

minimum and the maximum values of each criterion as a scaling measure. For standardized range, 

ὛὙ, between 0 and 1, the transformation is conducted by Equation 3-6, if the optimum value is the 

maximum value of the criterion and by Equation 3-7 if the optimum value is the minimum value of 

the criterion. 

Table 3-3 Random matrix in AHP method 

n RI n RI 

1 0 7 1.32 

2 0 8  1.41 

3 0.58 9  1.45 

4 0.90 10 1.49 

5 1.12 11 1.51 

6 1.24 12 1.58 

 

ὼ
Ὂὠ Ὂὠ

Ὂὠ Ὂὠ
ϽὛὙ Equation 3-6 
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ὼ ρ
Ὂὠ Ὂὠ

Ὂὠ Ὂὠ
ϽὛὙ Equation 3-7 

Ὂὠ : minimum value of the factor 

Ὂὠ : maximum value of the factor 

Ὂὠ: value of each raster cell 

Finally, by Equation 3-2and through Map Algebra Toolset of ArcMap, the final map is developed, 

presenting the ὊὛ for each site of the island. Sites with the higher values of ὊὛ are more suitable for 

wind farm sitting. Three scenarios are implemented for different hierarchy of the selected criteria 

and the hierarchy of each scenario is shown in Table 3-4 Scenarios and hierarchy of criteria for wind 

turbine sitting. 

Table 3-4 Scenarios and hierarchy of criteria for wind turbine sitting 

 Scenario 1 Scenario 2 Scenario 3 

C1 ὅ   ὅ   ὅ  

C2 ὅ   ὅ   ὅ  

C3 ὅ  ὅ  ὅ  

C4 ὅ   ὅ  ὅ  

C5 ὅ   ὅ  ὅ  

C6 ὅ   ὅ  ὅ  

 

The study considers three different scenarios, each focusing on different criteria that will result in the 

best outcome for the wind farm project, considering wind potential as a priority in all scenarios. The 

technical scenario (Scenario 1) prioritizes criteria that will result on the best performance of the wind 

turbine siting planning. These criteria are wind potential and criteria related to settlements and roads 

to ensure that power transmission via cables is not affected. The second is the cultural scenario 

(Scenario 2), which gives a higher weight to the distance from archaeological sites. Finally, in the 

economic scenario (Scenario 3), the focus is on the lowest cost of the project, which results in the 

avoidance of high altitudes, although the priority is still the high wind potential, and preference for 

locations near road networks or existing telecommunications stations, in order further projects, like 

road excavation to be avoided. 

Three additional suitability maps are generated adding a constraint on the proximity to the main 

settlement of Fournoi Korseon, which has the most residents and the highest energy demands. ʆhe 

main settlement is inhabited by 1400 people compared to Aghios Minas with 3 inhabitants and  

Thimena with 151 inhabitants. Considering the criteria of the distance from the main settlement and 
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by installing the wind turbines near this area with increased energy needs, leads to the reduction of 

energy losses during the transmission through remote areas 

To evaluate the sensitivity of the results, a sensitivity analysis is performed on the weights of the 

criteria, specifically Cwind and Carch of S1. The analysis examines the effects of ±5% and ±10% changes 

in the proposed values for these criteria. Finally, new suitability maps and final scores are produced 

based on the updated weights. 

 

3.2 Suitability maps 

The results obtained from GIS and MCDM methods for analyzing wind turbine WT siting are heavily 

influenced by various factors. These factors include the selection of criteria for analysis, the data 

provided, the method used to standardize data, and the weighting and analytical method used to 

calculate the Final Suitability (FS) score. Table 3-1 Criteria for wind turbine sitting displays the criteria 

used in this analysis, which include wind potential, altitude, distance from settlements, road network, 

telecommunication sites, and archaeological sites. Wind potential is given priority in all scenarios 

since it is essential for maximizing energy generated by the turbines. The study implements three 

scenarios based on the hierarchy of criteria. Pairwise comparison is performed, and weights are 

determined for each criterion using the AHP method. The WLC method is used to combine the 

decision criteria and their weights into an FS score that is used to create a suitability map. The 

hierarchy of criteria for each scenario is displayed in Table 3-4 Scenarios and hierarchy of criteria for 

wind turbine sitting. To ensure the same basis of comparison, five classes/zones are created based 

on FS scores, which have values between zero and one. The first class (Zone A) is the zero zone and 

corresponds to areas where turbines are not permitted to be installed and is represented in grey 

color. This zone covers 27.9% of the island's total area and remains the same for each scenario, as it 

shows the excluded areas of the island for the installation of wind turbines according to the current 

legislation. The remaining four classes (Zone B, C, D and E) are classified based on FS scores up to 

0.25, 0.50, 0.75, and the maximum value that each FS can reach. These classes are displayed in the 

legend of each figure. 

 

3.2.1 Technical scenario  

Table 3-5 displays the results of the pairwise comparison for the first scenario, with corresponding 

weights and consistency ratio (CR) of 0.089, which is less than 0.1. This scenario is mainly focused on 

technical aspects, prioritizing wind potential in the study area. In contrast, the distance from 

archaeological sites is assigned the lowest weight. 
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Table 3-5 Weights and pairwise comparison for Scenario 1 

Scenario 1        

 ὅ  ὅ  ὅ  ὅ  ὅ   ὅ   Weights 

ὅ   1 3 5 5 9 9 0.444 

ὅ   1/3 1 3 3 7 7 0.235 

ὅ   1/5 1/3 1 3 5 5 0.144 

ὅ   1/5 1/3 1/3 1 5 5 0.106 

ὅ   1/9 1/7 1/5 1/5 1 3 0.043 

ὅ   1/9 1/7 1/5 1/5 1/3 1 0.028 

 

The suitability site map for S1 is illustrated in Figure 3-2, where the total area of the island is divided 

into different zones based on the classification criteria. The grey zone A represents 27.9% of the 

island's total area, while the other zones - B, C, D, and E - show areas that are suitable for wind turbine 

installation according to the classification criteria. Zone C is the largest zone and covers about 41% of 

the island, followed by zone D with a percentage of 26.9%. The best zone for installation is zone E, 

which covers 1.7% of the island's area and has a maximum FS value of approximately 0.91. 

 

 

Figure 3-2 Suitability map for Scenario 1 

 



 

- 54 - 
 

3.2.2 Cultural scenario  

The weights and the pairwise comparison for the second scenario are displayed in Table 3-6. The 

corresponding CR is estimated about 0.066. This cultural-oriented scenario prioritizes the distance 

from archaeological sites and attributes greater significance to it, besides the wind potential, which 

is always a priority in all cases examined. In contrast, the distance from telecommunication sites has 

the least weight in the decision-making process. 

Table 3-6 Weights and pairwise comparison for Scenario 2 

Scenario 2        

 ὅ  ὅ  ὅ  ὅ  ὅ   ὅ   Weights 

ὅ   1 3 9 5 9 3 0.410 

ὅ   1/3 1 7 5 9 3 0.274 

ὅ   1/9 1/7 1 1/3 3 1/5 0.043 

ὅ   1/5 1/5 3 1 5 1/3 0.086 

ὅ   1/9 1/9 1/3 1/5 1 1/7 0.025 

ὅ   1/3 1/3 5 3 7 1 0.162 

 

The suitability site map for the second scenario is presented in Figure 3-3, which shows that zone B 

corresponds to 7.9% of the island area, while zone C covers 51.4% of the island. Zone D corresponds 

to 12.5% of the total island area, and zone E has the lowest coverage of only 0.3%, which is the most 

favorable class for installation. The maximum value of FS for this scenario is about 0.84, which is lower 

than the corresponding value of the first scenario, indicating that cultural restrictions have a negative 

impact on the FS for this island. 

 

Figure 3-3 Suitability map for Scenario 2 
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3.2.3 Economic scenario  

The weights for the third scenario, based on pairwise comparison, are given in Table 3-7, and the CR 

is less than 0.1 and equal to 0.081. This scenario is more focused on economics and aims to minimize 

the project's cost. Wind potential is still the priority; however, high-altitude areas are avoided, 

focusing on the reduction of the initial cost of the installation. Additionally, to avoid additional 

infrastructure project that may be needed when installing a wind farm, such as road excavation, the 

preferred locations are those that are close to existing telecommunications stations or the road 

network. The factor with the lowest weight is the distance from the archaeological sites. 

Table 3-7 Weights and pairwise comparison for Scenario 3 

Scenario 3        

 ὅ  ὅ  ὅ  ὅ  ὅ   ὅ   Weights 

ὅ   1 7 5 3 7 9 0.442 

ὅ   1/7 1 1/5 1/7 1/3 3 0.046 

ὅ   1/5 5 1 1/3 3 7 0.146 

ὅ   1/3 7 3 1 5 9 0.260 

ὅ   1/7 3 1/3 1/5 1 5 0.081 

ὅ   1/9 1/3 1/7 1/9 1/5 1 0.025 

 

 
Figure 3-4 Suitability map for Scenario 3 

The suitability site map of this scenario is shown in Figure 3-4. Zone B is covering only 0.2%, zone C is 

covering 13.8%, zone D is covering 54.1%, and zone E is covering 4% of the total island area. The 

highest value of FS is 0.93, which is higher than the corresponding values of the first and the second 
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scenarios. S3 has the highest percentage of zone D compared to S1 and S2, which have their highest 

values in zone C. Furthermore, this scenario has the highest percentage of zones D and E, which 

occupy nearly 60% of the island. This suggests that locations with high wind potential can be 

combined with lower altitudes, creating even more possibilities for installation in the last zone, E. 

 

3.2.4 Proximity to the main settlement 

The study also includes three additional suitability maps, considering the constraint of the proximity 

to the main settlement of Fournoi. The wind farm installation is preferred to be located near the area 

with the most residents and the highest energy requirements. By limiting the distance from the main 

settlement, energy losses due to transmission from remote areas are reduced. In this scenario, the 

percentage of Zone A remains the same as in the previously examined scenarios and covers 27.9% of 

the total island area. However, the additional suitability maps have only three zones, with zone B 

having FS values of up to 0.25, zone C up to 0.5, and zone D up to the highest possible FS values that 

can be reached. 

The suitability maps for S1, S2, and S3 are shown in Figure 3-5 (a), (b), (c), respectively. Zone A is 

shown in grey, covering 27.9% of the total island area, which is the same with S1, S2 and S3 scenarios. 

However, in these three additional scenarios, only four zones are depicted as the FS value does not 

exceed 0.744, which is lower than the corresponding value for the initial scenarios, where FS is up to 

0.929. This happens due to the introduction of an additional constraint, resulting in lower FS values. 

For the first scenario, over 69% of the island area is divided between zones B and C, while for S2 and 

S3, the corresponding percentages are 71% and 61%, respectively. Zone D accounts for 1.81% in the 

first scenario, 0.19% for the second, and 10.48% the third. 

   

 
(a) (b) (c) 

Figure 3-5 Suitability map concerning the proximity to the main settlement (a) Scenario 1, (b) Scenario 2 and 
(c) Scenario 3 
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3.2.5 Sensitivity analysis for wind turbine sitting 

In this research work, the factors Cwind and Carch for the first scenario are selected to conduct a 

sensitivity analysis. The former is considered the most significant criterion for the installation of the 

wind farms, while the latter has the least weight. The sensitivity analysis aims to assess the impact of 

a change in these two criteria, the most and the least important on the results. Figure 3-6 (a), (b), (c) 

and (d) represents the suitability maps of the first scenario, by changing Cwind by -10%, -5%, +5% and 

+10% respectively. Zone D varies from 28.48% for a 10% reduction of the weight of wind potential to 

25.41% for a 10% increase, while the initial area is 26.87%. Similarly, Zone E varies from 1.63% for a 

10% reduction of the weight of wind potential to 1.75% for a 10% increase, while the initial area is 

1.68%. It is evident that increasing the weight of Cwind, may lead to a decrease in the number of 

positions in Zone D and a corresponding increase in Zone E. This is to be expected because locations 

with higher wind potential are more suitable for wind turbine sitting. For each change in Cwind, the 

maximum value of FS is between 0.90 and 0.92. 

 

  
(a) (b) 

  
(c) (d) 

 
Figure 3-6 Suitability map of Scenario 1 based on sensitivity analysis of Cwind (a) -10%, (b) -5%, (c) +5%, (d) +10% 



 

- 58 - 
 

The suitability maps of the first scenario for changing Carch by -10%, -5%, +5%, and +10% are depicted 

in Figure 3-7 (a), (b), (c), and (d), respectively. Zone D ranges from 27.09% for a 10% decrease of the 

Carch weight to 26.64% for a 10% increase, with the initial area being 26.87%. Similarly, Zone E ranges 

from 1.72% for a 10% reduction of the Carch weight to 1.64% for a 10% increase, with the initial area 

being 1.68%. The maximum FS value is about 0.91 for all changes in Carch. Because the island's 

monuments are dispersed throughout the region, giving more importance to the distance from them 

leads to a decrease in the optimal locations. As a result, it is evident that increasing the weight of Carch 

reduces the optimal locations in both Zone D and E.   

  
(a) (b) 

  
(c) (d) 

 
Figure 3-7 Suitability map of Scenario 1 based on sensitivity analysis of Carch (a) -10%, (b) -5%, (c) +5%, (d) +10% 
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4 Energy Management Strategies and Economic and Environmental 

Analysis   

 

 

4.1 Modelling of resource component   

In this study, evaluation and comparison of the results of different scenarios of HRES coupling with 

different RES and different storage technologies are presented. In the different scenarios of HRESs 

one or more RES are coupled while, depending on the examined scenario,  single or hybrid storage is 

integrated for the excess energy. Below the different RES and storage technologies that are used in 

the different scenarios, are presented. 

4.1.1 Wind turbine (WT)     

The estimation of the produced energy from a wind turbine is based on its power curve, given by the 

manufacturer.  The power curve shows the correlation between the power output of the WT and the 

wind speed at hub height, considering the power coefficient. Every WT has four parts of operation 

(M. M. Bertsiou & Baltas, 2022a)according to Equation 4-1.  

ừ
Ừ

ứ
ÉÆ όὸ ό  ÔÈÅÎ ὖ ὸ π

ÉÆ ό όὸ ό   ÔÈÅÎ ὖ ὸ ÁÃÃÏÒÄÉÎÇ ÔÏ ÔÈÅ ×ÉÎÄ ÓÐÅÅÄ ÁÎÄ ÔÈÅ ÐÏ×ÅÒ ÃÕÒÖÅ

ÉÆ ό όὸ ό  ÔÈÅÎ ὖ ὸ ὖ

ÉÆ όὸ ό ὸ ÔÈÅÎ ὖ ὸ π

 Equation 4-1 

If όὸ ό  the power output is equal to zero. ό  (m/sec) indicates the wind speed at 

which the wind turbine starts to operate and produce power ὖ  (kW), according to the wind speed 

and the power curve. Rated speed ό  (m/sec) indicates the wind speed where the wind turbine 

starts to produce the maximum power ὖ  (kW), until an upper limit of ό  (m/sec), up to 

which the wind turbine stops its operation for safety reasons, In order to protect against possible 

damage due to very high winds speeds. 

Enercon E-44's 900 Kw power curve is employed in this study. Figure 4-1 shows the power curve as 

well as a description of the various operating parts. The manufacturer provides the power coefficient 

for this model, which ranges from 0.00 to 0.50 depending on the wind speed at the hub height 

(ENERCON Product Overview, 2022). The nominal power P ὖ  of the wind turbine and the wind 

speed ό determine its output, ὖ . For this model ό  is equal to 2 m/sec, ό  is equal to 17 

m/sec and ό  is equal to 25 m/sec. For ςυ ό ς  the power output is equal to zero. For 

ρχ ό ςυ the power output has its maximum value equal to 900 kW and for ς ό ρχ the 

power output is calculated according to the power curve. Equation 4-2 provides the 5th degree 
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polynomial trendline with an R-squared value greater than 0.99 that was derived by the power curve 

for estimating power production (y) based on wind speed (x). 

ώ πȢπρψψὼ πȢωσψχὼ ρφȢφχωὼ ρςτȢωχὼ τσφȢστὼ υφσȢςς Equation 4-2 

 

Figure 4-1 The power curve of Enercon E-900 wind turbine. 

 

The data for the operation of the WTs used in this study are shown in Table 4-1.  

Table 4-1 Data for WT operation 

Parameter Value 

Cut-in speed, ό  [m/s] 3 

Rated speed, ό  [m/s] 17 

Cut-out speed, ό  [m/s] 25 

Hub height [m] 50 

 

Data of wind speed, ὺ, are obtained at the altitude at which the weather station is installed, Ὤ. To 

obtain the wind speed, ὺ , at the hub height of the wind turbine, Ὤ , Equation 4-3 is used (Van 

Sark et al., 2019), where Ὤ  is the roughness length parameter and it depends on the ground surface 

of the installed wind turbines. 

ὺ ὺϽ

ὰὲ
Ὤ
Ὤ

ὰὲ
Ὤ
Ὤ

 Equation 4-3 

According to (M. M. Bertsiou et al., 2021), the placement of wind turbines is designed to obtain 

advantage of  high wind potential and to take into account their proximity to Fournoi's main 
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settlement in order to minimize power loss through the transmission cables. In Chapter 3, the 

approach followed and results for WT siting are explained in depth. 

 

4.1.2 Photovoltaic module (PV)    

PVs compared to other RES are superior due to their ability for direct electricity production, their 

silent mode operation and the fact that they can gradually implemented to an RES system. Also, they 

produce  zero CO2 emissions, they require minimum maintenance cost, they have a long lifetime and 

their installation is more aesthetic acceptable compared to other RES and especially to WTs.  

A PV directly produces energy from solar irradiance. The output of a PV in direct current (DC) is 

estimated according to Equation 4-4 (Lin et al., 2020): 

ὖ ὸ ὖ Ͻ
Ὃ ὸ

Ὃ
ϽὖὙ ϽὖὙ ϽὖὙ ϽὖὙὸ Equation 4-4 

ὖ : the peak capacity of the PV at Standard Test Conditions (STC) (W/m2) 

Ὃ ὸ: the solar irradiance on the tilted plane (W/m2) 

ὖὙ : efficiency of the PV (%) 

ὖὙ : efficiency of the inverter (%) 

ὖὙ : efficiency of the grid connection (%) 

ὖὙὸ: efficiency of the PV cell (%)  

In the industry they use STC standards in order to test the efficiency of the PVs under common 

conditions of of solar energy exploitation. STC index refers to 1000 W/m2 solar irradiance (Ὃ ), 25o 

C cell temperature (Ὕȟ ) and mass of the air equal to 1.5. 

The efficiency of the PV cell ὖὙὸ is based on the difference between the cell temperature, Ὕ ὸ 

(oC), and the temperature at STS, Ὕȟ  (oC). This efficiency is estimated for each time step according 

to Equation 4-5 (Mavromatakis et al., 2010): 

ὖὙὸ ρ ‎ϽὝ ὸ Ὕȟ  Equation 4-5 

‎: the maximum thermal coefficient of power (/ oC) 

The cell temperature Ὕ ὸ is estimated by Equation 4-6 (Bouabdallah et al., 2015): 

Ὕ ὸ Ὕ ὸ ὔὕὅὝὝ Ͻ
Ὃ ὸ

Ὃ
 Equation 4-6 

Ὕ ὸ: the ambient temperature (oC) 
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ὔὕὅὝ: the Normal Operating Cell Temperature (oC) 

Ὕ : the temperature in NOCT equal to 20 oC 

Ὃ : the solar irradiance in NOCT equal to 800 W/m2 

Also, in NOCT the wind speed is considered equal to 1 m/sec. 

Table 4-2 shows the data used in this study for the PV operation. It is assumed that twin-shift tracking 

stents are coupled with the series-parallel connected PVs helping to the rotation of the PVs and 

ensuring the perpendicular incidence of the solar irradiance. By this way, the utilization of the 

maximum solar energy is achieved (Li & Qiu, 2016). The conversion of direct  current, produced by 

the PV, to alternative current (AC) is performed through the connection with an inverter. The 

maximum output of the PVs is obtained when the load intersects the current voltage at the Maximum 

Power Point (MMP), according to the voltage current curve (I-V) of the PV. In real time operation the 

load mismatch and the variation of the solar irradiance and the temperature prevent this intersection 

(Cotfas & Cotfas, 2019). To surmount this and to consistently maximize the PVs' output in accordance 

with the temperature and the solar irradiation, it is assumed that PVs are connected to the inverter 

through the Maximum Power Point Tracking control (MPPT) (Karami et al., 2017). This means that 

the produced power output of the PVs is supposed to be at every time step equal to the maximum 

power (Notton et al., 2010). 

Table 4-2 Data for PV operation 

Parameter  Value 

Nominal operating cell Temperature (NOCT) [oC] 45 

Solar irradiance (STC) [W/m2] 1000 

Cell temperature (STC) [oC] 25 

¢ƘŜǊƳŀƭ ŎƻŜŦŦƛŎƛŜƴǘ ƻŦ ǇƻǿŜǊΣ ʴ ώκoC] 0.004 

PV efficiency [%] 88.5  

Inverter efficiency [%] 97 

Grid connection efficiency [%] 99 

 

4.1.3  Pumped hydro storage (PHS)     

The pumped hydro storage system uses the surplus energy from the WTs and/or PVs for pumping 

seawater to a reservoir in a high altitude, through the pumping station. The volume of the pumped 

water, ὠ (in m3), is given by Equation 4-7 (Simão & Ramos, 2020). 

ὠ
Ὁ  Ͻ ὖὙ

” ϽὫ ϽὌ  
 Equation 4-7 

”: water density (kg/m3)  
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Ὣ: gravity acceleration (m/sec2)  

Ὄ: the net head (m)  

ὖὙ: efficiency of the pump station (%)  

Ὁ  energy surplus (kWh)  

When more energy is required than the produced from the WTs and/or the PVs, then the hydro 

turbine operates producing energy by releasing water from the upper reservoir to a reservoir at the 

height of the turbine. The produced hydro energy, Ὁ  (in kWh), is estimated by Equation 4-8 (Simão 

& Ramos, 2020). 

Ὁ  ” ϽὫϽὌϽὠϽὖὙ  Equation 4-8 

ὠ: released water from the upper reservoir to the hydro turbine (m3) 

ὖὙ: efficiency of the hydro turbine (%)  

Restrictions to the upper and lower limit of the upper reservoir are applied according to Equation 4-9 

and Equation 4-10. It is assumed that the lower limit cannot be less than 10% of the total capacity 

due to safety reasons. 

Ὑὠ Ὑὠ Ὑὠ   Equation 4-9 

Ὑὠ πȢρ Ͻ Ὑὠ   Equation 4-10 

Ὑὠ : minimum storage capacity of the upper reservoir (m3) 

Ὑὠ : minimum storage capacity of the upper reservoir (m3) 

Ὑὠ : capacity of the upper reservoir according to the days of autonomy (m3) 

The PHS system consists of an upper reservoir, a pumping station and a hydro turbine. The technical 

characteristics shown of the PHS operation in shown in Table 4-3.   

Table 4-3 Data for PHS operation 

Parameter Value 

Net head [m] 192 

Days of autonomy 2 

Pumping station efficiency [%] 78 

Hydro turbine efficiency [%] 90 

The hydroelectric plant works by pumping water from one reservoir at sea level to another at a higher 

height when the demand for electricity is low. Water from the upper reservoir is released when 

demand for electricity is higher, and as it flows toward the lower reservoir, where it is stored once 

more for future use, it generates electricity for the island's electricity grid through the hydroelectric 
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plant. The second reservoir's altitude and the water volume available have a direct relationship with 

the amount of energy produced. The second reservoir's altitude and the amount of water that is 

available, both affect how much energy is produced. The stored water volume in the higher reservoir 

from the previous time step is increased by the water volume that is stored there in the next time 

step. The benefit of this operation is the potential to store surplus energy and use it during high 

demand hours of the day or low wind and solar potential hours, even if more energy is needed to 

pump the water to the higher altitudes than is generated through the hydro turbine. 

4.1.4 Desalination unit (DU) 

A desalination unit is coupled in all scenarios for the desalination of seawater in order to cover 

domestic and irrigation demands. Also, the desalination unit is necessary in the scenarios where 

energy is stored through the production of hydrogen. In these cases, the generation of green 

hydrogen presupposes the electrolysis of pure desalinated water. Energy consumption for reverse 

osmosis (RO) desalination ranges between 3.7 and 8 kWh/m3 (Al-Karaghouli & Kazmerski, 2013; 

Fornarelli et al., 2018; D. Xu et al., 2019) and in this study is assumed equal to 5.85 kWh/m3. 

4.1.5 Battery  (BT) 

The storage capacity of the battery, ὅ   (in kWh) is estimated by Equation 4-11 (El-houari et al., 

2021). 

ὅ
ὖϽὨ

ὖὙ ϽὖὙ ϽὈὕὈ
 Equation 4-11 

ὖ: average daily consumption (kWh/day) 

Ὠ: number of autonomy days  

ὖὙ : efficiency of the battery (%) 

ὖὙ : efficiency of the inverter (%) 

ὈὕὈ: depth of discharge of the battery (%) 

The storage capacity of the battery, ὅ  (in Ah) is estimated by Equation 4-12 

ὅ
ὅ Ͻρπππ

ὠ
 Equation 4-12 

ὠ : nominal voltage of the battery (V) 

The technical characteristics of the battery used in this study are given in Table 4-4.   

When there is surplus energy and the battery is charging, the state of charge (SOC) at each time step 

is estimated according to Equation 4-13. 
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Ὓὕὅὸ Ὓὕὅὸ ρϽρ „ Ὁ ϽὖὙ  Equation 4-13 

Ὓὕὅὸ: state of charge at time t (kWh) 

Ὓὕὅὸ ρ: state of charge at time t-1 (kWh) 

„: self-discharge rate (%) 

When there is energy deficit and the battery is discharging, the state of charge (SOC) at each time 

step is estimated according to Equation 4-14. 

Ὓὕὅὸ Ὓὕὅὸ ρϽρ „ Ὁ ϽὖὙ  Equation 4-14 

Restrictions to the minimum and the maximum state of charge of the battery are applied according 

to Equation 4-15 and Equation 4-16 

Ὓὕὅ ὅ Ὓὕὅ  Equation 4-15 

Ὓὕὅ ρ ὈὕὈϽὅ  Equation 4-16 

Ὓὕὅ : minimum state of charge of the battery (kWh) 

Ὓὕὅ : maximum state of charge of the battery (kWh) 

The technical characteristics of the battery in this study are given in Table 4-4.   

Table 4-4 Data for battery storage 

Parameter Value 

Battery efficiency [%] 82 

Inverter efficiency [%] 82 

Days of autonomy  2 

Depth of discharge, DOD [%] 80 

Self-discharge, ̀ [%] 2 

 

4.1.6 Hydrogen exploitation  (FC) 

Hydrogen can be produced by the electrolyzer, which converts the excess energy into hydrogen. This 

is performed through the electrolysis of water. The production of 1 kg of hydrogen requires 9 kg of 

desalinated water (Hausmann et al., 2021; Rievaj et al., 2019). In standard conditions the heating 

value of the hydrogen is equal to 3.4 kWh/m3, its density is 0.09 kg/m3 and finally,  1 kg of hydrogen 

produces 37.8 kWh/gr (Abdelshafy et al., 2018). When there is surplus energy, it is used for hydrogen 

production by the electrolyzer, ῷ  (in kg), which is estimated by Equation 4-17 (Abdelshafy et al., 

2018) 

ῷ Ὁ Ͻ ὖὙ Ⱦ σχȢψ  Equation 4-17 
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ὖὙ: efficiency of the electrolyzer 

When there is energy deficit the fuel cell converts the stored hydrogen into energy.  1 kg of hydrogen 

can produce energy, Ὁ  (in kWh), estimated by Equation 4-18 (Abdelshafy et al., 2018). 

Ὁ Ὄ Ͻ ὖὙ  Ͻ σχȢψ 

ὖὙ : efficiency of the fuel cell 
Equation 4-18 

Fuel cells are categorized based on the electrolyte they use and the temperature at which they 

operate (Martínez-Huerta & Lázaro, 2017). Due to its maturity, quick reaction to varying loads, and 

short start-up time, the proton exchange membrane fuel cell (PEMFC) is anticipated to be the fuel 

cell type chosen for this study. (Dawood et al., 2020; Robinius et al., 2018).   

Restrictions to the upper and lower limit of the hydrogen tank are applied according to Equation 4-19 

and Equation 4-20.  

Ὕὃὔὑ Ὕὃὔὑ Ὕὃὔὑ   Equation 4-19 

Ὕὃὔὑ πȢρ Ͻ Ὕὃὔὑ  Equation 4-20 

Ὕὃὔὑ : minimum storage capacity of the hydrogen tank (kg) 

Ὕὃὔὑ : maximum storage capacity of the hydrogen tank (kg) 

Ὕὃὔὑ: total capacity of the hydrogen tank (kg) 

The technical characteristics of the electrolyzer and the fuel cell used in this study are given in Table 

4-5.   

Table 4-5 Data for hydrogen production 

Parameter Value 

Electrolyzer efficiency [%] 90 

Fuel cell efficiency [%] 50 

 

4.2 Configurations and Energy Management Strategies 

In this section, the configurations that will be examined, based on the combination of the RES and 

the storage methods that have been analyzed in the previous section, are presented. A storage 

system is coupled in all configurations, as the stochastic nature of the RES (wind and solar) potential 

prevents the simultaneous satisfaction of demand in correspondence with renewable energy 

production. Based on the configuration examined, a PHS, a BT and an HT are used for the storage of 

excess energy. Also, two configurations with hybrid storage technologies are evaluated, a hybrid 

pumped hydrogen storage system (HPHS), consisting of a PHS and a hydrogen storage system, and a 
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hybrid pumped battery storage system (HPBS), consisting of a PHS and a battery storage system. Also, 

in almost all the configurations a desalination unit is coupled for the satisfaction of drinking and 

irrigation water supply. 

According to (Kaldellis et al., 2001), the nominal capacity of the installed WTs is selected based on 

the meteorological data as well as the island's demand for energy and desalinated water. The sizing 

of the storage systems (upper reservoir, batteries, hydrogen tank) is based on the number of 

autonomy days for the HRES. This number is the days that the storage system of the HRES provides 

the required energy for the demands of the island, even if the wind and solar potential are low and 

no energy can be produced by the WTs and the PVs. Energy storage systems typically consider two 

days of autonomy (Bhandari et al., 2015). Also, it is assumed that at the start of the simulation, the 

upper reservoir is half full and the batteries and the hydrogen tank are up to their minimum level.  By 

using the extra energy generated by WTs and PVs, seawater is pumped into the higher reservoir. It 

must be noted that this reservoir does not supply the island's desalination plant. The latter is supplied 

with seawater and adds fresh water to the desalination reservoir. An energy surplus is required for 

the pumps to operate, and if there isn't enough to start the pumping station, no water is stored in 

the upper reservoir. The same applies to determining the hydro turbine's rated power. It must be 

ensured that in the case of low wind potential, it can handle the maximum load. The pumping 

system's estimated nominal power is calculated using (Kaldellis et al., 2001). A reaction turbine, 

specifically a Francis model, is the turbine that is proposed to be employed in this study (Ferreira & 

Camacho, 2017). For the sizing of the fuel cell and the electrolyzer, it is considered that the first 

should be able to handle any electrical load that cannot be met by other RES or storage systems 

(Ceran et al., 2021), depending on the configuration under examination, and the second can convert 

any surplus energy into hydrogen at each time step.  Load demand that is not covered by the WTs, 

the PVs, the hydro turbine, the batteries, or the fuel cell, depending on the examined configuration, 

is covered by the grid, meaning the startup of the local power station. To control the response of the 

HRES and its reliability in covering the required demand for electricity and drinking and irrigation 

water supply, the simulations are performed with hourly data inputs. In Table 4-6, the configurations 

that are examined in this study are presented.  

Table 4-6 Configurations of RES systems examined 

Configuration 1 2 3 4 5 6 7 

WT P P P P P P P 

PV   P P P P P 

DU  P P P P P P 

PHS P P P   P P 

BT    P  P  

FC     P  P 
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In the first configuration (WT/PHS) the HRES consists of a wind park and a PHS storage system. The 

excess energy from the WTs is used only for pumping and storing water in order to exploit 

hydropower to meet electricity needs. It is the only configuration where there is no desalination unit 

and no drinking and irrigation water demand is fulfilled. The second configuration (WT/DU/PHS) has 

the same RES and storage unit; however, a desalination unit is coupled in this HRES  providing fresh 

water for drinking and irrigation demand. In the third configuration (WT/PV/DU/PHS), PVs are added, 

compared to the previous configuration, in order to examine the reliability of the system if the use of 

RES is not limited to the utilization of wind potential but also solar potential at the same time. In 

Configuration 4 (WT/PV/DU/BT). the storage technology the storage method involves the use of 

batteries, instead of the PHS system of Configuration 3. In the fifth configuration (WT/PV/DU/FC), the 

battery has been replaced with a hydrogen production and utilization system. In configuration 6 

(WT/PV/DU/HPBS) a hybrid pumped battery storage system, consisting of a PHS and a battery storage 

system is used as a storage technology and in the seventh configuration (WT/PV/DU/HPHS) the 

hybrid storage system consists of a PHS and a hydrogen storage system. The detailed presentation of 

the seven configurations, as well as the energy management strategies of each one, are presented in 

the following sections. The three RES (wind, solar, and hydro) and the performance of various storage 

systems (PHS, battery, hydrogen) are the foundations for the proposed energy management 

strategies for single or hybrid storage, which compare the effectiveness of these energy storage 

technologies in meeting social needs like electricity and water. 
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Figure 4-2 Basic energy management strategy for single storage HRES 

 

The first five configurations of the HRESs are considered to have simple storage, i.e. a single storage 

unit for the excess energy. The storage strategy followed is shown in Figure 4-2. The step is hourly, 

to guarantee the highest possible reliability of the results and the procedure is performed for one 

year of data (i=8760). The input data are entered, meteorological data and the demand data of the 

island. The energy produced by the WTs and/or PVs is calculated according to the under-

consideration configuration. In every configuration, priority is given to the domestic water, after to 

the irrigation water and at last to the energy for electricity demand. The renewable energy produced 
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is calculated (RES) for each step and each demand is checked if it can be fulfilled, according to the 

aforementioned priority. In the first configuration, where water demand is now included, all the 

produced RES energy covers exclusively the electrical needs. Once the check for each of the three 

demands is made, it is then checked if there is excess energy ὖ . If there is excess energy, then it is 

checked if there is available storage space in the storage unit. If not, then unfortunately the excess 

energy is rejected, if yes then the new state of charge of the storage unit is calculated, always 

checking that the maximum state of charge level of the storage unit is not exceeded and the met and 

unmet demands for one hour are estimated, before approaching the next step.  

In case there is no excess energy, ὖ , but there is still demand that has not been fulfilled, it is checked 

if there is available stored energy in the storage unit. If there is available stored energy then the new 

state of charge is calculated and at the end, the met and unmet demands for one hour are estimated 

again. 

In the last two configurations, there is hybrid storage, i.e. a combination of two different storage 

methods. The storage strategy followed is shown in Figure 4-3. The step is again hourly and the 

procedure is performed for one year of data (i=8760). Again, as in the simple storage method, the 

data is entered and the process is no different until the control of excess energy ὖ . After this step, 

the way of controlling and utilizing the excess energy differs. 

As it is shown in the flowchart, if there is excess energy, it is checked if there is available storage space 

in the first storage unit. If yes, then the new state of charge of the first storage unit is calculated. If 

not or if there is still excess energy,  it is checked if there is available storage space in the second 

storage unit. If yes, then the new state of charge of the second storage unit is calculated. If no, or if 

there is still excess energy after the charging of the second storage unit until its maximum state of 

charge level, then unfortunately the excess energy is rejected. In both storage units, it is always 

checked that the maximum state of charge level is not exceeded when they are in charging mode.  
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Figure 4-3 Basic energy management strategy for hybrid storage HRES 

 

If there is no excess energy but there is still demand that has not been fulfilled, it is checked if there 

is available stored energy in the first storage unit. If there is available stored energy then the new 

state of charge is calculated. If no, or if there is still unmet demand, it is checked if there is available 
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stored energy in the second storage unit. If there is available stored energy then the new state of 

charge is calculated and, in any case, it is checked if there is still unmet demand and both met and 

unmet demand is estimated for each step. 

 

4.2.1 WT/PHS 

In the first configuration, the HRES combines wind energy and hydro energy from PHS. The schematic 

representation of the HRES and the installed capacity of all components appear in Figure 4-4 and 

Table 4-7 respectively. This configuration is tested to meet exclusively the electricity demand on the 

island and all the generated energy is used only for the electricity needs, without giving energy for 

the desalination of seawater to fulfill domestic or irrigation water. 

 

 

Figure 4-4 Schematic representation of WT/PHS 

 

In this configuration, PHS is used as a storage system and is considered to be charging and discharging 

according to the procedure described below. The energy management for the estimation of the 

reliability of the system to cover the electrical demands of the island is presented in Figure 4-5. Energy 

from the wind turbines is given for electrical needs, while if there is excess energy, ὖ , it is used for 

pumping seawater and storing it in the upper reservoir if there is available storage space. If the upper 

reservoir is full there is an energy dump, otherwise, the reservoir is charging, according to Equation 

4-7. The volume of water that could be stored in the upper reservoir, according to ὖ , depends on 

its capacity Ὑὠ  , and on the water that is stored in the previous time step (t ҍ 1). If there is an 

energy deficit, then the stored water is converted to energy by the hydro turbine, and it is ready for 

use when the energy produced by the WTs is not sufficient to cover the electrical demands of the 

island. The reservoir is discharging, according to Equation 4-8. At any time, the upper reservoir is 
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subject to restrictions regarding the upper and lower limit, according to Equation 4-9 and Equation 

4-10. When both wind and hydro energy cannot cover the demand, then LPS covers the deficit. 

Table 4-7 Specification data of the installed components of WT/PHS 

Component Installed Capacity 

WT  [MW] 3.6 

Upper reservoir [m3] 61,343 

Pumps [MW] 2.6 

Hydro turbine [MW] 1.0 

 

 

Figure 4-5 Energy management for WT/PHS 

 

4.2.2 WT/DU/PHS 

The second configuration differs from the first only in the addition of a desalination system in order 

to desalinate seawater to meet the domestic and irrigation water needs of the island. HRES combines 

wind energy from four wind turbines and hydro energy from PHS, which is the storage system. The 

schematic representation of the HRES and the installed capacity of all components appear in Figure 

4-6 and Table 4-8 respectively. This configuration is tested to meet electricity and water demands on 

the island. The energy management strategy is the same as the energy management of configuration 

1, however in this case ὖ  is calculated concerning both electrical and water needs.  
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Figure 4-6 Schematic representation of WT/DU/PHS 

 

Priority at each step is given to domestic water. It is determined if the wind energy generated is 

adequate to supply the energy requirements for desalinating the required volume of domestic water 

for the corresponding time step. The remaining energy related to the desalination of irrigation water 

is determined in a similar way, and finally the same procedure is applied for the electric load. In this 

configuration, also PHS is used as a storage system. Energy from the wind turbines is calculated and 

is given for domestic water, irrigation water and electrical needs, while, if there is extra energy 

left after satisfying the three demands, ὖ , it is used for pumping seawater and storing it in the upper 

reservoir if there is available storage space. If the upper reservoir is full there is an energy dump, 

otherwise, the reservoir is charging, according to Equation 4-7. The volume of water that could be 

stored in the upper reservoir, according to ὖ , depends on its capacity Ὑὠ  , and on the water that 

is stored in the previous time step (t ҍ 1). If there is an energy deficit, then the stored water is 

converted to energy by the hydro turbine, and it is ready for use when the energy produced by the 

WTs is not sufficient to cover the water and electricity demands of the island. The reservoir is 

discharging, according to Equation 4-8. At any time, the upper reservoir is subject to restrictions 

regarding the upper and lower limit, according to Equation 4-9 and Equation 4-10. When both wind 

and hydro energy cannot cover the demand, then LPS covers the deficit. 

Table 4-8 Specification data of the installed components of WT/DU/PHS 

Component Installed Capacity 

WT  [MW] 3.6 

Upper reservoir [m3] 75,243 

Pumps [kW] 2.6 

Hydro turbine [MW] 1.2 

Desalination unit (m3/day) 1,230 

 



 

- 75 - 
 

4.2.3 WT/PV/DU/PHS 

 

Figure 4-7 Schematic representation of WT/PV/DU/PHS 

 

In this configuration, HRES combines wind energy from 1.8 MW of installed wind turbines and solar 

energy from solar panels 2.0 MW. HRES is coupled with a desalination unit for domestic and irrigation 

water. PHS is used as the storage system. The schematic representation of the HRES and the installed 

capacity of all components appear in Figure 4-7 and Table 4-9 respectively. This configuration is tested 

to meet electricity and water demands on the island. The energy management strategy is the same 

as the energy management of configuration 2, however in this case renewable energy is provided by 

both wind turbines and solar panels. The energy management for the estimation of the reliability of 

the system to cover the electrical demands of the island is presented in Figure 4-8. ὖ  is calculated 

concerning both electrical and water needs.  

 

Table 4-9 Specification data of the installed components of WT/PV/DU/PHS 

Component Installed Capacity 

WT  [MW] 1.8 

PV [MW] 2.0 

Upper reservoir [m3] 75,243 

Pumps [kW] 2.6 

Hydro turbine [MW] 1.2 

Desalination unit [m3/day] 1,309 
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Figure 4-8 Energy management for WT/PV/DU/PHS 

 

Priority at each step is given to domestic water. It is determined if the wind and solar energy 

generated is adequate to supply the energy requirements for desalinating the required volume of 

domestic water for the corresponding time step. The remaining energy related to the desalination of 

irrigation water is determined in a similar way, and finally the same procedure is applied for the 

electric load. If there is extra energy left after satisfying the three demands, ὖ , it is used for pumping 

seawater and storing it in the upper reservoir if there is available storage space. If the upper reservoir 

is full there is an energy dump, otherwise, the reservoir is charging, according to Equation 4-7. The 

volume of water that could be stored in the upper reservoir, according to ὖ , depends on its capacity 

Ὑὠ  , and on the water that is stored in the previous time step (t ҍ 1). If there is an energy deficit, 

then the stored water is converted to energy by the hydro turbine, and it is ready for use when the 

energy produced by the WTs and PVs is not sufficient to cover the water and electricity demands of 

the island. The reservoir is discharging, according to Equation 4-8. The upper reservoir is always 

limited by restrictions on the higher and lower limits, together with the pumping and releasing 

operations of the pumps and the hydro turbine, according to Equation 4-9 and Equation 4-10. When 

both wind and hydro energy cannot cover the demand, then LPS covers the deficit. 

 

4.2.4 WT/PV/DU/BT 

This configuration differs from the previous one only in the storage technology. Excess energy is 

stored in batteries. Renewable energy also is provided by WTs and PVs and there is also a desalination 

unit to cover water needs. Here, also, priority is given to domestic water, then to irrigation water and 
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then to the electrical load. The schematic representation of the HRES and the installed capacity of all 

components appear in Figure 4-9 and Table 4-10 respectively. The sizing of the batteries is also based 

on two days of autonomy and batteries are calculated equal to 59,420 kWh.  

 

Figure 4-9 Schematic representation of WT/PV/DU/BT 

 

The energy management of this configuration is presented in Figure 4-10. If ὖ  energy is greater 

than zero , then the extra energy is stored in the batteries. It is checked the battery bank has the 

required capacity and then, it is charged. The new state of charge is calculated according to Equation 

4-13. If there is an energy deficit (ὖ <0) and the battery bank has the required capacity, then the 

battery bank is discharged and the new state of charge is calculated according to Equation 4-14. At 

any time, the state of charge of the battery is subject to the constraints of Equation 4-15 and Equation 

4-16, concerning Ὓὕὅ  and Ὓὕὅ . 

 

Table 4-10 Specification data of the installed components of WT/PV/DU/BT 

Component Installed Capacity 

WT  [MW] 1.8 

PV [MW] 2.0 

Battery storage capacity [kWh] 60,000 

Desalination unit [m3/day] 1,320 
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Figure 4-10 Energy management for WT/PV/DU/BT 

 

4.2.5 WT/PV/DU/FC 

This scenario differs from the previous two in storage ṯechnology. Excess energy is stored in a 

hydrogen tank. Renewable energy also is provided by WTs and PVs and there is also a desalination 

unit to cover water needs. Here, also, priority is given to domestic water, then to irrigation water and 

then to the electrical load. The schematic representation of the HRES and the installed capacity of all 

components appear in Figure 4-11 and Table 4-11 respectively. The sizing of the hydrogen tank is also 

based on two days of autonomy and is calculated equal to 1,860 kg.  

 

Figure 4-11 Schematic representation of WT/PV/DU/FC 
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Table 4-11 Specification data of the installed components of WT/PV/DU/FC 

Component Installed Capacity 

WT  [MW] 1.8 

PV [MW] 2.0 

Electrolyzer [MW] 2.8 

Fuel cell [MW] 1.9 

Hydrogen tank [kg] 1,876 

Desalination unit [m3/day] 1,200 

 

The energy management of this configuration is presented in Figure 4-12. If ὖ  energy is greater 

than zero , then the extra energy is used by the electrolyzer to convert it to hydrogen. Energy is also 

required for the desalination of the necessary amount of water that is needed for hydrogen 

production. The amount of produced hydrogen, in kg, is calculated according to  Equation 4-17. In 

the case of an energy deficit, the stored hydrogen is converted into energy through the fuel cell, 

according to Equation 4-18. The hydrogen tank is subject to storage restrictions according to Equation 

4-19 and Equation 4-20, concerning Ὕὃὔὑ  and Ὕὃὔὑ . 

 

Figure 4-12 Energy management for WT/PV/DU/FC 

 

4.2.6 WT/PV/DU/HPBS 

In this configuration hybrid storage technology, including PHS and batteries, is installed. The RES 

comes from WTs and PVs and the coverage priorities apply as in the previous scenarios.  In this 

configuration, it is considered that each storage technology has been dimensioned for one day of 
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autonomy so that a total of two days of autonomy can be covered. If there is an excess of energy, it 

is initially stored in the PHS. If, however, there is an amount that cannot be stored in the tank or if 

there is excess energy that could not be used by the pumping station, then this additional energy is 

led to the batteries. The schematic representation of the HRES and the installed capacity of all 

components are presented in Figure 4-13 and Table 4-12 respectively. The sizing of the upper 

reservoir and the battery capacity is based on one day of autonomy each and is calculated as equal 

to 37,246 m3 and 29,700 kWh respectively. 

 

Figure 4-13 Schematic representation of WT/PV/DU/HPBS 

 

The energy management of this configuration is presented in. Energy from WTs and PVs is used for 

the fulfillment of domestic water. It is checked whether the produced wind and solar energy are 

sufficient to meet the electrical needs for the desalination of the required quantity of domestic water 

for the corresponding step. This procedure is followed for the remaining energy concerning the 

fulfillment of irrigation water and at last for the fulfillment of electrical load. The surplus energy is 

calculated. This energy is firstly used for pumping water to the upper reservoir according to Equation 

4-7. If the upper reservoir is full or if there is remaining energy that is not sufficient for the operation 

of the pumps, is stored in batteries. This unexploited energy that is sent to the batteries is estimated 

according to the methodology by Bertsiou and Baltas (2022b) and it is presented in section 6. For the 

storage of excess energy in batteries, it is checked the battery bank has the required capacity and 

then, it is charged. The new state of charge is calculated according to Equation 4-13. If there is an 

energy deficit and the battery bank has the required capacity, then the battery bank is discharged 

and the new state of charge is calculated according to Equation 4-14. At any time, the state of charge 

of the battery is subject to the constraints of Equation 4-15 and Equation 4-16, concerning Ὓὕὅ  

and Ὓὕὅ . Load demand that is not covered by the wind turbines, the hydro turbine, nor the 

batteries, is covered by the grid, meaning the startup of the LPS.   
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Table 4-12 Specification data of the installed components of WT/PV/DU/HPBS 

Component Installed Capacity 

WT  [MW] 1.8 

PV  [MW] 2.0 

Upper reservoir [m3] 37,621 

Pumps [kW] 1.25 

Hydro turbine [MW] 0.85 

Battery storage capacity [kWh] 30,000 

Desalination unit [m3/day] 1,300 

 

 

 

Figure 4-14 Energy management for WT/PV/DU/HPBS 
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4.2.7 WT/PV/DU/HPHS 

In this configuration, the hybrid storage consists of PHS and a hydrogen storage system. The 

schematic representation of the HRES and the installed capacity of all components are presented in 

Figure 4-15 and  

Table 4-13 respectively. The sizing of the upper reservoir and hydrogen tank is based in one day of 

autonomy each and is calculated equal to 37,246 m3 and 1,860 kg respectively. 

The energy management of this configuration is presented in Figure 4-16. Energy from WTs and PVs 

is used for the fulfillment of domestic water. It is checked whether the produced wind and solar 

energy are sufficient to meet the electrical needs for the desalination of the required quantity of 

domestic water for the corresponding step. This procedure is followed for the remaining energy 

concerning the fulfillment of irrigation water and at last for the fulfillment of electrical load. The 

surplus energy is calculated. This energy is firstly used for pumping water to the upper reservoir 

according to Equation 4-7. However, in this case, there is a hydrogen storage system as a 

supplementary system to the whole HRES. The energy that cannot be stored through the pumped 

hydro storage system, because either the upper reservoir is full or the remaining energy is not 

sufficient for the operation of the pumps, is stored in the form of hydrogen in the hydrogen tank. This 

unexploited energy that is sent to the electrolyzer is estimated according to the methodology by 

Bertsiou and Baltas (2022b) and it is presented in section 6. 

 

 

Figure 4-15 Schematic representation of WT/PV/DU/HPHS 
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Table 4-13 Specification data of the installed components of WT/PV/DU/HPHS 

Component Installed Capacity 

WT  [MW] 1.8 

PV [MW] 2.0 

Upper reservoir [m3] 37,621 

Pumps [kW] 1.25 

Hydro turbine [MW] 0.85 

Electrolyzer [MW] 2.6 

Fuel cell [MW] 1.9 

Hydrogen tank [kg] 938 

Desalination unit [m3/day] 1,300 

 

 

Figure 4-16 Energy management for WT/PV/DU/HPHS 

 

By electrolyzing desalinated water, the electrolyzer transforms this energy into hydrogen. This means 

that it is necessary to make sure that there is enough energy available to desalinate the water used 
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for electrolysis and to produce hydrogen. Equation 4-17 is used to get the amount of hydrogen 

produced in kg. When neither the WTs nor the PVs are able to meet the demand, PHS is used. When 

neither of these sources of energy can meet the demand, the required amount of hydrogen 

converts into energy by the fuel cell and is sent to the grid. The stored hydrogen is converted into 

energy through the fuel cell, according to Equation 4-18. The hydrogen tank is subject to storage 

restrictions according to Equation 4-19 and Equation 4-20, concerning Ὕὃὔὑ  and Ὕὃὔὑ . The 

grid, which entails the startup of the LPS, supplies any load demand that is not fulfilled by the wind 

turbines, the solar panels, the hydro turbine, or the fuel cell. 

4.3 Economic and environmental analysis 

Cost of Water (COW), Loss of Load Probability (LOLP), and Cost of Energy (COE) are also evaluated for 

the HRES. Equation 4-21 estimates COE (Hausmann et al., 2021; Ma & Javed, 2019). 

ὅὕὉ 
ὅὃὖὉὢ ὕὖὉὢ ὅ  ὅ

Ὁ
 Equation 4-21 

where ὅὃὖὉὢ ƛǎ ǘƘŜ ǘƻǘŀƭ Iw9{ϥǎ ƛƴƛǘƛŀƭ ƛƴǾŜǎǘƳŜƴǘ Ŏƻǎǘ όƛƴ ϵύΣ ὕὖὉὢ is the cost of operating and 

ƳŀƛƴǘŀƛƴƛƴƎ ŜŀŎƘ ŎƻƳǇƻƴŜƴǘ όƛƴ ϵύΣ ὅ  ƛǎ ǘƘŜ ǊŜǇƭŀŎŜƳŜƴǘ Ŏƻǎǘ ƻǾŜǊ ǘƘŜ ǇǊƻƧŜŎǘϥǎ ƭƛŦŜǘƛƳŜ όƛƴ ϵύΣ ὅ  

is the salvage cost, which is the value of each HRES component at the end of the project's lifetime (in 

ϵύΣ ŀƴŘ Ὁ  is the energy produced by the HRES (in kWh). Salvage cost is estimated separately for 

each component by Equation 4-22. 
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 Equation 4-22 

where ὒὊ  is the lifetime of each component and ὒὊ  is the lifetime of the HRES.  

ὅὕὡ (ϵ/m3) is estimated by Equation 4-23. 

ὅὕὡ ὅὕὉ Ͻ Ὁ   Equation 4-23 

where Ὁ  is the energy required for the desalination of seawater (kWh/m3). The economic 

parameters applied in this analysis are shown in Table 4-14. 

The evaluation of the reliability of the HRES is estimated LOLP, which is calculated by Equation 4-24 

(Ma & Javed, 2019). 

ὒὕὒὖ Ϸ
В Ὁ

В Ὁ  
 Equation 4-24 

where ὲ is the number of hrs in a year of simulations, Ὁ   is the annual load demand, and Ὁ  is 

the unmet demand. There are four separate LOLPs that are calculated: the energy demand for 
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domestic water desalination ὒὕὒὖ, the energy demand for irrigation water desalination ὒὕὒὖ, the 

energy demand for the household consumption ὒὕὒὖ, and the sum of the three demands 

ὒὕὒὖ. 

Table 4-14 Economic Parameters  

Component Parameter  Value  

 Wind turbine  Lƴƛǘƛŀƭ Ŏƻǎǘ όϵκƪ²ύ 906 

(Baruah et al., 2021) hǇŜǊŀǘƛƻƴ ŀƴŘ ƳŀƛƴǘŜƴŀƴŎŜ Ŏƻǎǘ όϵκƪ²ύ 136 

 Lifetime (years) 25 

Photovoltaic module Lƴƛǘƛŀƭ Ŏƻǎǘ όϵκƪ²ύ 800 

(Javed et al., 2021) hǇŜǊŀǘƛƻƴ ŀƴŘ ƳŀƛƴǘŜƴŀƴŎŜ Ŏƻǎǘ όϵκƪ²ύ 11.2 

 Lifetime (years) 25 

Desalination unit  Lƴƛǘƛŀƭ Ŏƻǎǘ όϵκƳ3/day) 484 

(Abdelshafy et al., 2018) hǇŜǊŀǘƛƻƴ ŀƴŘ ƳŀƛƴǘŜƴŀƴŎŜ Ŏƻǎǘ όϵκƳ3/day) 0.32 

Reservoir Lƴƛǘƛŀƭ Ŏƻǎǘ όϵκƳ3) 154 

(He et al., 2021) hǇŜǊŀǘƛƻƴ ŀƴŘ ƳŀƛƴǘŜƴŀƴŎŜ Ŏƻǎǘ όϵκƳ3) 3.1 

 Lifetime (years) 35 

Hydro turbine Lƴƛǘƛŀƭ Ŏƻǎǘ όϵκƪ²ύ 910 

(He et al., 2021) hǇŜǊŀǘƛƻƴ ŀƴŘ ƳŀƛƴǘŜƴŀƴŎŜ Ŏƻǎǘ όϵκƪ²ύ 18 

 Lifetime (years) 10 

Pumping station Lƴƛǘƛŀƭ Ŏƻǎǘ όϵκƪ²ύ 217 

(He et al., 2021) hǇŜǊŀǘƛƻƴ ŀƴŘ ƳŀƛƴǘŜƴŀƴŎŜ Ŏƻǎǘ όϵκƪ²ύ 4.35 

 Lifetime (years) 20 

Battery  Lƴƛǘƛŀƭ Ŏƻǎǘ όϵκkWh) 200 

(Jurasz et al., 2020) hǇŜǊŀǘƛƻƴ ŀƴŘ ƳŀƛƴǘŜƴŀƴŎŜ Ŏƻǎǘ όϵκkWh) 4 

 wŜǇƭŀŎŜƳŜƴǘ Ŏƻǎǘ όϵκkWh) 150 

 Lifetime (years) 15 

Hydrogen tank Lƴƛǘƛŀƭ Ŏƻǎǘ όϵκƪƎύ 1182 

(Abdelshafy et al., 2018) hǇŜǊŀǘƛƻƴ ŀƴŘ ƳŀƛƴǘŜƴŀƴŎŜ Ŏƻǎǘ όϵκƪƎύ 13.6 

 wŜǇƭŀŎŜƳŜƴǘ Ŏƻǎǘ όϵκƪƎύ 1092 

 Lifetime (years) 20 

Electrolyzer Lƴƛǘƛŀƭ Ŏƻǎǘ όϵκ!Ƙύ 606 

(Abdelshafy et al., 2018) hǇŜǊŀǘƛƻƴ ŀƴŘ ƳŀƛƴǘŜƴŀƴŎŜ Ŏƻǎǘ όϵκ!Ƙύ 1.8 

 wŜǇƭŀŎŜƳŜƴǘ Ŏƻǎǘ όϵκ!Ƙύ 455 

 Lifetime (years) 5 

Fuel cell Lƴƛǘƛŀƭ Ŏƻǎǘ όϵκƪ²ύ 910 

(Abdelshafy et al., 2018) wŜǇƭŀŎŜƳŜƴǘ Ŏƻǎǘ όϵκ!Ƙύ 774 

 hǇŜǊŀǘƛƻƴ ŀƴŘ ƳŀƛƴǘŜƴŀƴŎŜ Ŏƻǎǘ όϵκƪ²ύ 0.02 

 Lifetime (years) 5 
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In order to recover the full cost of the investment, the PBP determines the project's required years 

of operation. It is based on the total investment cost and the net yearly savings (ὃὛ). Equation 4-25 

provides a mathematical description of it. 

  ὖὄὖ
ὍὲὭὸὭὥὰ ὅέίὸίВ ὕǪὓ ὅέίὸί

ὃὛ
 Equation 4-25 

The initial costs represent the initial investment, installing and replacement costs of the system, 

including the cost of each unit, depending on the configuration examined. Initial cost does not include 

any subsidies from the national or local government policies. The operation & maintenance costs 

refer to the corresponding costs for the total life, 25 years of an HRES. The net annual savings contains 

the net revenue it is expected to earn each year by using the HRES instead of other energy sources. 

PBP is determined using the current kWh pricing and the cost per cubic meter of desalinated water. 

According to the PPC, the price of a kWh is the average tariff for various consumptions (daytime or 

nighttime consumption), and iǘ ƛǎ Ŝǉǳŀƭ ǘƻ лΦннуоо ϵΦ (Public Power Corporation, 2023). However, 

such projects can be more competitive by a reduction of  the selling price gap. This can be 

achieved on case of an increase in energy prices. The price of water for the islands ranges from 7 to 

мн ϵκƳ3 (Bardis et al., 2020; Myronidis & Nikolaos, 2021), and in this study is considered equal to 10 

ϵκƳ3. It's important to note that the PBP calculation evaluate the financial viability of a project, 

without considering other factors that may impact the return on investment, such as inflation, tax 

benefits, or changes in energy prices over time.  

Equation 4-26 is used to calculate the amounts of CO2 that the HRES system eliminates, Ὁὓ  

(tn/year), when 1 kWh supplied by the HRES replaces 1 kWh provided by the LPS:  

Ὁὓ
Ὁ ϽὊ Ὂ Ὁ ϽὊ Ὂ

ρπ
 Equation 4-26 

where Ὁ   and Ὁ represent the energy (kWh) generated by WT and PV systems, respectively; Ὂ  

and Ὂ  represent the emission factors of wind and solar technologies, which are about 13.7 g 

CO2/kWh for wind and 50 g CO2/kWh for solar, respectively (El-houari et al., 2021). Ὂ   represents 

the emission factor of each country's grid.  According to the country datasheet, the GHG intensity of 

electricity production for Greece in 2020 is about 479.2 g CO2/kWh (European Environment Agency, 

2020). The price of one ton of CO2 is calculated based on the price of ton in the market on December 

08, 2022 (Ember, Daily Carbon Prices, 2022). Note that its price displays an average daily increasing 

trend of 0.6%. 
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5 Energy, Economic and Environmental Results 

 

 

5.1 Scenarios/Configurations 

Initially, the results for the first configuration are presented, concerning the use of WTs and PHS to 

cover electrical loads without the integration of a desalination unit. The average rate of reliability for 

a whole year (12 months) is presented in Figure 5-1. It is shown that the average coverage of 

electricity demand όǎǳōǎŎǊƛǇǘ άŜƭέύ and, subsequently, the reliability of the entire HRES (subscript 

άƘǊŜǎέύ is over 80%.  

 

Figure 5-1 Reliability analysis of WT/PHS 

 

In Figure 5-2, the share of energy of three different sources is presented. These sources are the wind 

turbines, the use of the PHS and the use of the LPS (GRID) when demand can be covered neither by 

the WTs nor by the PHS. The results refer to the coverage of electrical demand ŀƴŘ ǘƘŜ ǎǳōǎŎǊƛǇǘ ΨŜƭΩ 

is used. Wind turbines, and subsequently the hydro turbine, are used to first supply the energy. 

Unmet demands are treated by the island's local network. It is observed that during July, September 

and October, the LPS does not operate, while in August its contribution is the minimum. This result 

is particularly important considering that July and August are referred to as the tourist season. 

However, as it has been analyzed in section 2.2 and in Table 2-4, the household consumption during 

the summer is reduced, compared to the winter months, possibly due to the fact that the devices 

used in the winter for the supply of hot water and for heating are more energy-intensive. So, during 

these months, the demands and the produced RES are in balance and HRES is completely 

autonomous.  

In addition, the amount of wind energy used changes every month and is based on the demands and 

the current wind potential. On the contrary, the hydro energy generated is dependent on the excess 

energy and the water that has been pumped and stored according to Equation 4-7.  
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The results regarding the annual contribution of each energy source to meet the electrical load of the 

island are presented in Figure 5-3. The contribution of WTs is the maximum at 57%, while the use of 

PHS and GRID is almost the same and circa 21%. 

 

Figure 5-2 Share of energy of WT/PHS by WT, PHS and GRID for electrical load 

 

Figure 5-3 Satisfied consumption by different energy sources of WT/PHS 

 

Figure 5-4 Energy balance and demand of WT/PHS 

In Figure 5-4 the monthly contribution of the WTs, the PHS and the GRID are presented, as well as 

the monthly electricity demand. The autonomy of the HRES is also presented here from July to 

October. Due to tourism, the demand for electricity is high in August, however, the peak occurs in 

the winter. Although there is a high demand in August, there is also a higher wind potential during 

that month. As a result, the use of the LPS varies from zero to very low values. Especially during 

August, the wind potential has its maximum value. 
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The share of energy of the WT/PHS configuration is depicted in Figure 5-5. Results for August are 

presented in (a) and for December in (b). The demand is demonstrated in negative values, to compare 

demand and offer. The selection of these months is based on the demands. December presents the 

higher demand in electricity, while August is the month with the highest arrival of tourists. PHS 

operates smoother during August compared to December and more use of the LPS is observed in 

December, compared to August, since more energy demands arise. 

  

(a) (b) 

Figure 5-5 Share of energy of WT/PHS for electricity demands in (a) August; (b) December 

Figure 5-6 presents the hourly storage level of the upper reservoir over a year. A comparison between 

Figure 5-5 and Figure 5-6 shows that the pattern of charging and discharging of the upper reservoir 

is similar to the pattern of the GRID. Every time the upper reservoir is not fully discharged, GRID does 

not operate and HRES is autonomous. On the other hand, every time the upper reservoir is fully 

discharged, HRES is based on the local power station to cover all electrical demands.  

 

Figure 5-6 Storage level of upper reservoir in WT/PHS 

Finally, the surplus energy that is given for pumping during the operation of the HRES, as well as the 

energy that is given by the operation of the hydro turbine, are shown in Figure 5-7, in an hourly step. 

It seems that the energy for pumping is higher that the produced hydro energy. First, this occurs 

because the use of the hydro turbine is not constantly required to cover electrical needs, as most of 

them have already been satisfied by the direct use of wind energy by the WTs. However, it must be 

emphasized that even when the hydro turbine is used, the energy that produces is less than the 
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energy consumed in the pumping station and this process is used for the storage of excess energy 

and in order to meet the demand that does not coincide with the production of wind energy.  

 

Figure 5-7 Energy for pumping and energy by hydro turbine in WT/PHS 

Table 5-1 presents results about the initial cost, the operation and maintenance cost, the cost of 

energy, the loss of load probability of the HRES, the eliminated CO2 quantities and the CO2 price. The 

ƛƴƛǘƛŀƭ Ŏƻǎǘ ŦƻǊ ǘƘŜ ²¢κtI{ ŎƻƴŦƛƎǳǊŀǘƛƻƴ ƛǎ моΣмуунΣфрр ϵΣ ǿƘƛƭŜ ǘƘŜ ὕǪὓ cost is сфмΣрнс ϵΦ ¢ƘŜ /h9 

ƛǎ лΦнум ϵκƪ²ƘΣ ƘƛƎƘŜǊ ǘƘŀǘ ǘƘŜ ǇǊƛŎŜ ŦǊƻƳ tt/, which applies today to energy tariffs. PBP has not 

been calculated since HRES price is higher than today energy price. However, for this scenario, the 

benefits of reducing emissions, which amount to 1,936 tn/year, must also be considered. This price 

is also translated into the penalty from the Emissions Trading System and for this HRES it IS calculated 

ŀǘ ϵмтнΣнллΦ LOLP for the HRES is 21.09%, meaning that about 80% HRES can provide the required 

energy for the fulfillment of the electrical load of the island. 

Table 5-1 Economic, environmental and reliability analysis for WT/PHS 

Key Parameter Value 

ὍὲὭὸὭὥὰ ὧέίὸ [ϵ] 13,882,955 

ὕǪὓ ὧέίὸ [ϵ] 691,526 

ὅὕὉ [ϵ/kWh] 0.281 

ὒὕὒὖ [%] 21.09 

Ὁὓ  [tn/year] 1,936.36 

Ὁὓ  ὴὶὭὧὩ ώϵϐ 172,200.88 

 

The rest of the configurations concern HRESs that simultaneously aim to cover energy and water 

demands, to make the comparisons in the final price of energy and water, when water desalination 

is also involved. In each of the following figures, the rest of configurations (a)-(f), according to the 

description of each caption.  

The average reliability rate for a full year (12 months) is shown in Figure 5-8. For each of the 

demandsτelectricity, domestic water and irrigation waterτthat are indicated by the subscripts of 
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the legend, "el," "d," and "ir," respectively, generated outputs are estimated. Furthermore, an overall 

average for the reliability of the whole HRES (subscript "hres") is retrieved. It is shown that the 

average coverage of each demand is consistently over 80% for each month and for each 

configuration. Fulfillment of domestic water demands is always higher and between 80% and 90%, 

as domestic water is a priority in every configuration. Configurations that include PVs, (b)-(f), show 

better results, concluding that the division of the production of renewable energy between WTs and 

PVs leads to better satisfaction of the demands, by exploiting both wind and solar potential during 

the day. Also, hybrid storage technologies, (e)-  (f), provide better results for each demand separately, 

as the energy that would otherwise be utilized, in these two cases is exploited by an additional 

storage system, batteries for (e) and hydrogen storage system for (f). 

In Figure 5-9 the share of energy by the different energy sources for each demand (domestic water 

ΨŘΩΣ ƛǊǊƛƎŀǘƛƻƴ ǿŀǘŜǊ ΨƛǊΩΣ ŜƭŜŎǘǊƛŎŀƭ ƭƻŀŘ ΨŜƭΩύ ŀƴŘ ƻŦ ŜŀŎƘ ŎƻƴŦƛƎǳǊŀǘƛƻƴ ƛǎ ǇǊŜǎŜƴǘŜŘΦ Depending on the 

configuration there are wind turbines (WT), photovoltaic modules (PV), the pumped hydro storage 

system (PHS), batteries (BT), the hydrogen storage system (FC), and the operation of the LPS (GRID). 

In all configurations, the energy is initially supplied by the wind turbines and then from photovoltaic 

modules when they are applied. The third energy source is the storage technology of each 

configuration. Initially, increased monthly use of LPS is observed in WT/DU/PHS compared to the 

other scenarios, which proves that the integration of PVs into the energy mix leads to optimal results, 

as both wind and solar potential can be exploited during the day, giving more satisfactory results. The 

monthly WT and PV contribution is common per demand across all configurations, since as originally 

analyzed it is used to fulfill as much demand as possible before the excess is diverted to storage. Also, 

as demonstrated in chapter 2.2.3, the amount of wind and solar energy that is utilized varies for each 

month and is dependent on both the needs and the current wind and solar potential. On the other 

hand, the produced hydro energy (conf. b), the energy from the batteries (conf. c), or the energy from 

the fuel cell (conf. d) depends on the excess energy, but the energy generated by the fuel cells (conf. 

g) and batteries (conf. e) for the hybrid storage systems, is dependent on the hydro turbine's 

unexploited energy, due to the limitations of the upper reservoir or the pumping station capacity. In 

each configuration, it is observed that in September and October for either of the demands and for 

either of the storage systems, GRID is not used. Demands and generation of RES are in balance during 

these months, and HRES is fully autonomous. However, WT/PV/DU/PHS and WT/PV/DU/BT can 

almost fully cover domestic demand during June and July and in August the use of the LPS is limited. 

On the contrary, in WT/PV/DU/FC, it is observed a reduced coverage in these months, perhaps since 

in the hydrogen storage system, enough energy is also required for the desalination of the water that 

is led to the electrolyzer. 
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

Figure 5-8 Reliability analysis: (a) WT/DU/PHS; (b) WT/PV/DU/PHS; (c) WT/PV/DU/BT; (d) WT/PV/DU/FC; (e) 
WT/PV/DU/HPBS; (f) WT/PV/DU/HPHS 

 

   

(a) 
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(b) 

   

 (c)  

   

(d) 

   

 (e)  

   

 (f)  

Figure 5-9 Share of energy for domestic water, irrigation water and electrical load: (a) WT/DU/PHS; (b) 
WT/PV/DU/PHS; (c) WT/PV/DU/BT; (d) WT/PV/DU/FC; (e) WT/PV/DU/HPBS; (f) WT/PV/DU/HPHS 

 

Equally satisfactory results in terms of domestic water supply are also given by HRESs where they 

have a hybrid storage system, i.e., in WT/PV/DU/HPBS and WT/PV/DU/HPHS. During the irrigation 

season, beginning in May, the need for irrigation increases and there is a greater use of the LPS for 

irrigation reasons. As a result, there is greater use of the LPS for electricity too, the third demand to 
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meet. The greater demand for irrigation water has also an impact on how domestic water is covered 

during the irrigation season, lowering the coverage rate from the HRES, compared to other months 

of the year when no irrigation water needs to be desalinated. Between the systems with simple and 

hybrid storage a monthly reduced use of LPS is observed, as in these systems the energy is further 

exploited by wind turbines and photovoltaic modules, while otherwise, in single storage 

configurations, more energy would be rejected. For (a)-(d) uncovered needs are covered by the local 

network of the island, while in (e)-(f) the storage of unexploited energy through the batteries and the 

fuel cell, respectively, is utilized before the use of the grid.  

In Figure 5-10, the different energy sources that participate yearly in the energy mix of the island are 

presented. In WT/DU/PHS, the total contribution from WTs is smaller than in the rest configurations 

where the energy mix includes energy from PVs. The contribution of WTs and PVs is the same in the 

rest configurations, (b)-(f), as expected since the selection of the storage technology does not affect 

the penetration of the renewable energy sources in the hybrid renewable energy system, while the 

contribution of the storage system and LPS present a significant difference. The configuration with 

the minimum use of GRID is WT/PV/DU/HPHS, which means initially that hybrid storage surpasses 

the final results and that the use of hydrogen as a second storage unit, compared to batteries, results 

in reduced use of conventional fuels. This is impressive, even though the production of hydrogen 

requires the consumption of more energy for the desalination of the water to the electrolyzer. 

Fluctuation is observed in the contribution of pumped hydro storage and battery compared to the 

hydrogen storage system. Although all three storage systems have been dimensioned according to 

two days of autonomy, the PHS and the BT satisfy about 21% of the total demand, while FC satisfies 

17% of the total demand, indicating that the FC participates less in the energy balance and increase 

the use of the LPS. Subsequently, among the configurations with simple storage, pumped storage 

gives better results about the use of GRID at 21.77%, while the maximum use of GRID is observed in 

the single storage with a hydrogen system. In WT/PV/DU/FC, this energy consumption for water 

desalination becomes apparent, depriving it of the fulfillment of the island's energy needs, whether 

it is energy needs for domestic and irrigation water desalination or energy needs for household 

consumption. Also, the use of GRID is similar in both simple battery storage and hybrid battery 

storage, so the comparison should be made below with the resulting final energy and water prices. 
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Figure 5-10 Satisfied consumption by different energy sources: (a) WT/DU/PHS; (b) WT/PV/DU/PHS; (c) 
WT/PV/DU/BT; (d) WT/PV/DU/FC; (e) WT/PV/DU/HPBS; (f) WT/PV/DU/HPHS 

More specifically, the monthly contribution from each energy source compared with the monthly 

electricity household consumption, as well as energy for desalination needs (domestic and irrigation 

water), are shown in Figure 5-11. In all single storage configurations, (a)- (d), HRES is completely 

autonomous in September and October, while in hybrid storage configurations, (e) and (f), this 

autonomy extends to June. The irrigation season lasts from April to September, and in July, when 

temperature rises and the likelihood of rain is quite low, the highest request for irrigation water is 

observed. Due to tourism, August is the month with the maximum demand for water supplies. 

Finally, although demand for energy is high in August because of tourism, it peaks in the winter, 

maybe as a result of the increased usage of lightbulbs throughout the day and the high use of heating 

equipment. The use of the LPS ranges from zero to very low values, for both storage systems, in 

August, because an increased wind and solar potential is observed despite the fact that there are 

high demands at this same time. 
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                                                                      (f) 

Figure 5-11 Energy balance and demand: (a) WT/DU/PHS; (b) WT/PV/DU/PHS; (c) WT/PV/DU/BT; (d) 
WT/PV/DU/FC; (e) WT/PV/DU/HPBS; (f) WT/PV/DU/HPHS 

The hourly share of energy, compared to the total energy demand, for August (5089 h-5832 h) and 

December (8017 h-8760 h) is presented in Figure 5-12. To make the comparison clear, the demand 

(DEM) is shown with negative pricing. The demand determines the months that are chosen. The 

highest demand for energy is in December, whereas the highest demand for desalinated water for 

residential and agricultural usage is in August. Irrigation is expected to be performed after sunset, 

and the pattern of rising values that appears in August is caused by this irrigation water required after 

midnight. Other demands, such as domestic water and energy for household consumption, are 

substantially lower at night. The comparison of the configurations shows that there 

are periods during both months when the grid would normally be in operation that is now taken over 

by the operation of the fuel cells and batteries. Also, compared to single storage, hybrid storage 

systems provide additional days of autonomy. Also, compared to August, in December the second 

storage seems to be more active. This could be related to the fact that even though the overall 

required energy needs are increased in December, in comparison to August, simultaneously the 

higher wind potential results in more excess energy being delivered and exploited by the 

electrolyzer. And while in August there is an increased solar potential, as can be noticed by Figure 

5-10, WTs have a greater participation in the energy mix throughout the year. And while in August 

there is an increased solar potential, as it is depicted in Figure 4-10 WTs have a greater participation 



 

- 98 - 
 

in the energy mix. Moreover, since there are larger energy demands in December compared to 

August, the grid is used more frequently. Additionally, as previously explained, the demand for 

irrigation water is moved independently to the nighttime, where demand for domestic water and 

electricity is minimized, giving the HRES the opportunity to fulfill separately these irrigation demands 

and supply more energy during the rest of the day depending on the solar and wind potential. 
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(f) 

Figure 5-12 Share of energy in August (5089-5832) and December (8017-8760): (a) WT/DU/PHS; (b) 
WT/PV/DU/PHS; (c) WT/PV/DU/BT; (d) WT/PV/DU/FC; (e) WT/PV/DU/HPBS; (f) WT/PV/DU/HPHS 

 

The monthly demands, as well as the monthly amounts of domestic and irrigation water that are 

satisfied and unsatisfied, are shown in Figure 5-13. Although water desalination is a priority and it is 

covered by the direct use of RES before the excess energy is stored for future use, the results are 

better in the configurations with hybrid storage technology. Between the single storage technologies, 

PHS results in higher fulfillment of both domestic and irrigation water. And in this category of 

demand, it seems that the combination of wind and solar parks provides better coverage results, due 

to the simultaneous exploitation of wind and solar potential. On a monthly basis, the fulfillment of 

water supply is up to 87% for configurations that combine WTs and PVs, while this percentage 






































































































































































































