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Abstract

Renewable energy sources (R&®)the main priority for the European Union (EU), as evidenced by
the institutional framework introducedver the past few decades leading to timereasing
penetration of RES in the energy balance worldwidenewable energ sources are becoming
increasingly popular as the world looks to transition away from fossil fuels and reduce greenhouse
gas emissionE&GHG)AIso, thenecessity for carboffree technology, such as RES applications, to meet
the world's electricity needss driven by climate chang&he 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 ilGHGunder the Renewable Energy Directive 2018/2001/EU (REDh@ transition

to renewable energy sources offers several benefits, including red@iig redudng energy costs

and increasng energy security by relying on local, sustainable sources of polies.increasing
penetration of RES in the power mix has led to nhallenges 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 usehybrid 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.

Thisresearchaims to develop @omprehensiveapproachfor the integration of renewable energy
sources in meeting energy and water needs in remote islaogiexploiting both their wind ansblar
potential, as well as different storage technologies for the storage of surplus renewable efmbegy
study area is Fouaoi Korseonan island in the North Aege&ea A methodology for the evaluation
of eligible sites for the installation of wind turbineglsveloped using a combinatioaf Multi-Criteria
DecisioaMaking (MCDM) and Geographic Information Systems (&t8)considering various
technical, environmental, and legal criterfar the design of a wind farmAfterwards, energy
management strategies are described based on single or hybrid storage rsettegEnding on the
storage technologies skeven different senarios, resulting in theeliability analysis of each HR&®l
the estimation ofeconomic and environmental indicdsinally the methodology for calculating the
rejected energyduring the operation oin HRES is presented.
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1 Introduction

1.1 Renewablesnergysources

Renewable energy sources (R&®)the main priority for the European Union (EU), as evidenced by
the institutional framework introducedver the past few decades leading to timereasing
penetration of RES in the energy balance worldwiBalala et al., 2022; I. Khan et al., 2022)
Rerewable energy sources are becoming increasingly popular as the world looks to transition away
from fossil fuels and reduce greenhouse gas emisqiGhtG) The environmental impact of RES is
generally negligible when compared to conventional energy souiidbar et al., 2020)Also, the
necessity for carboffree technology, such as RES applications, to meet the world's electricity,needs
is driven by climate chang®otashnikov et al., 2022)hese sources of energy are sustainable and
can be replenishedaturally over time, making them a more environmentally friendly and-tanan
solution for energy needsThe balance between emissions and removals by 2050 is the ultimate
objective. The renewable energy target for 2030 was set at a minimum of 32% s final
consumption, 32.5% for energy efficiency, and a minimum of 40% reducti@Hi@under the
Renewable Energy Directive 2018/2001/EU (REDitBctive (EU) 2018/2001, 2018)

Wind Energy is generated by wind turbines. Wind turbines are tall, sten@vers with large blades

that spin in the wind. The spinning blades generate electricity, which can befoasedectricity
demands Wind energy is a clean and renewable source of energy, and it is also becoming more
affordable as technology advancesind/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 s@aa=of the

most appealing RES for distant ar€aad demands is the use of wind turbines, not onégéuse of

their low initial costs but also because of the variety of industrial and domestic systems they can
supply(Farh et al., 2022)Also, compardto solar panels, wind turbines require less lapdice, and
compaedto hydroelectric energy caudess transformatiorfloannidis & Koutsoyiannis, 2020¥ind
energy displaya declining trend of théevelized Cost of Energy (LC@&nbulat et al., 2021and

in 2019 it had a global energy production capacity of 68/8(Finnegan et al., 2021By 2030, this
capacity is predicted to increase to 1000 GSMbramanian et al., 202X owever |t is also crucial to

take into account how wind turbines affect landscapes' visil{iBiigili & Alphan, 2021AIso, blads,

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 warmir(@elik et al., 2022).



Solarenergyis also @e of the most popular renewable energy sourceslar panelsan beinstalled

on rooftops, in fields, and on the sides of buildifdsuttijarvi et al., 2022p exploit solar irradiance

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

zero maintenance and operation cogfdirmal Mukundan et al., 2020however, they also hava

high initial cost, require relatively large surfaces for installa(l@iamalaki & Tsoutsos, 201€8)e 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 harnesding 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 cleare efficient andeliable(Wang et

al., 2023yenewable source of energy. Additionally, hydestic energy can be stored in reservoirs,
which means that it can be used when needed. Howetlex,construction ofa reservoircan be
expensive, anit is anticipated to have negative environmental effects, including a significant impact
on biodiversityand land usgDorber et al., 2020; Swanson & Bohlman, 202%) the other hand,
besideghe benefits of power generation, if they are welésigned, these projectsave the potential

to mitigate various negative effects and advance ecotourism in the, gpeaviding positive
socioeconomic effects and promoting sustainable growth. Examples of such typical situations are
found in Karditsa, in Greeceahe Plastira LakéSargentis et al., 2028nd in China, on the Yangtze
River, the Three Gorges Ddlifiaet 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 bygisiaterials that would otherwise be discarded.
However, the use of biomass is associated with disadvantages such agitatoidtion, low energy
density, and an imbalanced seasonal sufighng et al., 20195 eothermal energis accumulated in

the eath's crust. Direct use of this energy is possible for space heating. This kind of power plant often
emits incredibly low pollutior(Bravi & Basosi, 2014Eeothermal energy has seen an increase in
direct use in recent years of 8%, with the majority of this energy going toward space heatinglgnd

a few locations on earth are eligible to extrac{(Rahman et al., 2022pDceans are also significant

fosdl 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 tidefiemical energy bghemicas from the ocearand
biological energy frommcean biomasqM. Z. A. Khan et al., 202ZJhese arerelatively new
technologies and are still in the early stages of development bue e potential to play a
significant role in the global energy m@snotic 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 memb(Radman et al., 2022)
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The EU anchdividual states both suggest new regulations for the use of renewable energy sources.
The Green Paper "Energy for the Futuiem the European Commissidi&nergy for the Future,
1997)for environmental protection is credited as markittggcommencemenin 1997. According to
Directive 2009/28/E(Directive 2009/28/EC,2009jhe 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 emgy industry and the adoption of RES technologies by 2020. The
20200 9! JEAYFGS YR 9ySNHE tI Ol 3ISQEHGARMBES YI Ay
increase in the share of renewable energy sources in final energy consumption, and a 20%
improvemer in energy efficiency, all by the year 2020. The2R20 targetsare the response to the
growing concern about the impact of climate change and the need to re@tut® The 20% reduction
target for GHGs based on 1990 levels and applied to the EU as @eviTo achieve this target, the

EU put in place a number of measures, including the EU Emissions Trading(&ils@mmich is first
launched in 200%Sato et al., 2022and places a cap on emissions from the energy and industrial
sectors and allows companies to trade emissions allowa@ed4 July 2021, it was proposed by the
European Commission (EC) the extension of the scope of ETS ifarr@G from the maritime
secbr to also be includedLagouvardou & Psaraftis, 2022Jhe 20% target for renewable energy
sources aim to increase the use of renewable energy sources in the energy mix and reduce
dependence on fossil fuels. To achieve this target, member stataequired 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 efficiefeys to the improvement

of energy efficiency in buildgs, industry, and transport. This target aino reduce energy
consumption and the associate@HG while also promoting cost savings and increased energy
security. The 2@0-20 targets hae a significant impact on the energy and climate policies of the EU
and its member states. It encouragi@vestment in renewable energy sourc@iran & Uyar, 2022)

and energy efficiency measures, andetpsto drive innovation in the energy sector. One of the main
challenges of the 2Q0-20 targetsis ensuring that 8 member statesare able to meet their targets.

While some member statesanachieve their targets in advance of the 2020 deadline, others face
significant challenges, particularly in meeting the renewable energy tdByetiny & Tutak, 2023)
Some membr states face a lack of suitable renewable resources or a lack of funding for renewable
energy project¢§Madaleno et al., 20227 ccording taEEAEuropean Environment Agency, 2024)

2020, the EU hareduced itsGHGby 31%, exceesdlits target for enewable energy sources with a
21.3% share in the final energy consumption, and aasevl7.5% improvement in energy efficiency.
Greece, being a member of the EU, takes part in the EU's overarching initiative to enhance the share
of renewableenergy sources in the energy balance. Accordingate 3851/201Q Greece's 2020
goals include increasing the share of RES iffitia&consumption of energy by 20% and in electricity
consumption by 40%.



The Paris Agreement on Climate Cha(fgris Agrement, 2016)s 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 gbbal warming to well below 2°C above prelustrial 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 négugiand 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 Agreemmare 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 @d®&e

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 inclutie Nationally Determined Contributions (NDCsach

O 2 dzy (i NBafivaal dindage planthat are required to be submitted. Thesetline their efforts to
reduceGHGand adapt to the impacts of climate change. These plans are reviewed and updated every
five years.The Paris Agreement establishalso 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 awgsiocess to assess progress
toward the longterm goals of the agreementMoreover, he Paris Agreement recognizes that
developing countries may require support in developing their own-dawbon technologies and
implementing their NDCs. The agreemengndfore, provides for technology transfer and capacity
building to help support these efforté\t last, agveloped 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 2002018, European countries more than doutbteeir RES capacity from 180 GW

to 465 GWEionet Report ETC/CME 2019/8. European Topic Centre on Climate Change Mitigation

and Energy, 2019)nFigurel-16 KS NBy Sgl 0t S SySNHeE&Qad &Kl NB 6Keé&RNEP
wave and tidal) in thenergymix is presentedin 2019, around 11% of global primary energy came

from renewable technologie@Ritchie et al., 2022)

The transition to renewable energyuwrces is a critical step in reduci@HGand mitigating the
effects of climate change(Chien et al., 2021)RESased projects are environmentally friendly
solutions against the climate crisis, the rise of global temperature and environmental pollution
(Dehghani et al., 2017; Nazir et al., 2Q1®ptecting at the same time thiiodiversity andhe forests
(Nunez et al., 2019The advantages of renewable energy sources make this shift beneficial despite
the difficulties that appear, sudhis updatingnfrastructure and adjusting to variable energy sources

-4-



(Nik et al., 2021)Prioritizing investment, legislative changes, and public support are crucial as
countries and industries around the world work for the transittorrenewable energy sources in
order to assure a sustainable, lesarbon future(Heffron et al., 2021)

Share of primary energy from renewable sources, 2021
Renewable energy sources include hydropower, solar, wind, geothermal, bioenergy, wave, and tidal. They don't
include traditional biofuels, which can be a key energy source, especially in lower-income settings.

No data 0% 1% 2% 5% 10% 20% 50% 100%
|

Source: Our World in Data based on BP Statistical Review of World Energy (2022) OurWorldInData.org/energy «+ CC BY
Note: Primary energy is calculated using the 'substitution method', which accounts for the energy production inefficiencies of fossil fuels.

Figurel-1 Share of primary energy from renewable sources for year ZB&thie et al., 2022)

One of the primary benefits of transitioning to renewable energy sources is red@3ti@jHe et al.,
2022; Sacchi et al., 202%ossil fuels, such as oil, coal, @ya$, release large amounts of carbon
dioxide contributing to climate change and hawg negative impacts on human health and the
environment(Olabi & Abdelkareem, 2022By using renewable energy sources, these emissitns
reducedand the negative impas of climate changare limited In addition to reducing emissions,
renewable energy sources can also help reduce energy @uisisu et al., 2022and increase energy
security (Cergibozan, 2022; Nasir et al., 202%) relying on local, sustainablewces of power.
Finally,transitioning to renewable energy sources can also create jobs and boosbmic growth
(Liu et al., 2022)According to the International Renewable Energy AgéliRi¥NA)the renewable
energy sector employed over 11 millionggee globally in 2018. This number is expected to continue
growing as countries invest in renewable energy infrastructure and technoldgiEgyurel-2, the
total energy supply by different sources is presented for Greece from 1990 to 2(tjuhel-3 the
renewable energy supply (wind, solar and hydro) is depicted for Greece from 1990 to 2021. According



to International Energy Agency (IEA), for the year 202&reece the energy supply from wind is
10,483.0 GWh, from solar is 5,106.0 GWh and fromdpalver is 5,967.0 GWh.

Total energy supply (TES) by source, Greece 1990-2021
T
1400 000
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200 000

0 T T T T T T
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IEA. All rights reserved

©® Coal ® Naturalgas © Hydro @ Wind, solar, etc. Biofuels and waste © Oil

Figurel-2 Total energy supply by source, Greece 12021 (International Energy Agency, 2021)

Besides the benefits of renewable energy sources, there are also significant chsltbatycome

with the transition. One of the main challenges is technical and operational prokl&kShetwi,

2022) by adapting infrastructure to accommodate new sources of power. Many power grids are
designed to handle large, centralized power plantsaking it difficult to integrate smaller,
decentralized sources of renewable enerdypez Gonzélez & Garcia Rendon, 20&3ding to
problems in stability and power quality. Updating the infrastructure to support renewable energy
sources will require significant investment and plannfAéeluia et al., 2022)Another challenge is

the intermittent nature of renewable eneygsourcegJanota et al., 2022particularly 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 nhtakes i
difficult to predict and manage energy supply, requiring new approaches to energy management and
storage(M. Bertsiou et al., 2018; Sanchez et al., 20Eally, transitioning to renewable energy
sources will require significant government, finaneiatl social suppor@Krupnik et al., 2022Many
countries and industries are still heavily reliant on fossil fuels, and the transition to renewable energy
will require significant policy changes, investment, and public sugpednhardt et al., 2022)



Renewable electricity generation by source, Greece 1990-2021
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Figurel-3 Renewable energy supply by source, Greece 1880 (International Energy Agency, 2021)

The COVIR9 pandemic has caused significant disruption to econonmesistriesand the energy

secta worldwide. The measuresnplemented 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 smallendustry, while household
consumption increasetRokicki et al., 2022 he increase in remote working and online learning has
resulted in a shift in energy demand from commercial buildings to residential buildihgsCOVID

19 pandemic has also hadsmnificant impact orthe energy supply, with disruptions to production,
transportation, and storagéDong 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 pfects.
the same time, the pandemic has also accelerated the energy transition and raised questions about
the reslience of energy systems to cris€akeri et al., 2022highlighting the need for diversified

and flexible energy sources and systeifs.acceleratehe energy transition in the posEOVIEL9

stage (Tian et al., 2022propose a road map that includeexpanding green funding options,
promoting global collaboration, and improving green stimulus prograrhe. COVH29 pandemic

has prompted governments and industry players to take measures to mitigate the impact of the crisis
and support the energy traiton.

The Recovery and Resilience Facility (RRF) is a fund set upBytthaupport member states in
their recovery from the economic and social impacts of the CQ9lpandemic. Greece is one of the
countries that has been allocated funding from tR&F, and a significant portion of the funding is



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 lowarbon economy, as well as to improve energy efficiency
and secuity. The funding is expected to support a range of projects, includiBg projects, energy
efficiency measures for improving energy efficiency in buildings and infrastructure, modernization of
Greece's energy infrastructure, including the developmenhudrs 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 dredwar in Ukraine has had a
profound inpact on the country's energy sector, affecting both the production and distribution of
energy(Allam et al., 2022)%me of the major impactsf Europe's energy sector are the damage to
energy infrastructure, disruptions to coal supplies, dependence assiBn gasand reduced
electricity exports.

1.2 Hybrid renewable energy systerand storage technologies

New challenges between the supply and demand of renewable energyffans¢he RES's increasing
penetrationin the power mix. Due to the intermittent nate 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 REfakes it challenging to meet immediate
electricity demandBrenna et al., 2020; Ciupageanu et al., 2019; Khalili et al.,.2B@0&llthe above,

it is necessary to use wind turbines and photovoltaic modules as part of a hybrid renewable energy
system(HRES).

HRESs combira least one form of REfhdat least one fornof energy storage technologws it is
shown inFigurel-1, for storingthe surplus renewablenergy that cannot be utilizeiinmediately,

due to lower energy demand compared to energy generation. Thus, contribute to the reduction of
GHG, due to the reduced operation of local production stati@fsS)and to energy independence.

RegardingGreece the first HRES operating ia Ikaria Its construction started in 2011 and it is
operating since 2019t consists of wind parkon Stravokountoura hill, with three wind turbines of
900 kW eachThemicro hydroelectricstation of Proespera, witta 1.05 MW hydro turbine, utilizes
only the excess water of the Pezi Dam reseraftier the obligations for water supply, ecological
supply and irrigation are first covere@ihe micro hydroelectricstation of Kato Proespera, with two
hydro turbineswith a total power of 3.1 MW, utilizes both the excess water of the reservoir and the
water that comes from pumped storagéwo water reservoirs with a capacity of 80,000each in

the areas of Proespera and Kato Proespera, which will serve the needsnpkg storage for the
absorption of wind energy and a water reservoir with a total volume of approximately 910,900 m
Pezi. The Kato Proespgrampingstation, with 12 pumps with a nominal power of 250 kW eacil



the Energy Control and Load Distributi€enters of Naera and lkaria, which will be installed in a
space within theLPS3n Agios Krikos, ensuring both the communication between the individual
parts of the Project as well as the energy security of the island and its reliability electrieah gyStC
Renewables, 2023puring winter he water surplus is exploited in the uppBHSand in refilling
water losses from the two new reservoirs during the previous summer. During the sutmeneater

of the upper reservoiis used for the water irrigion demands, while the n two new reservoas
usedfor the operation of the PHS systein.a conventional cycle of the PHS plétatsaprakakis et
al., 2022) The project contributes to theeduction of 13,800 tonef emitted CQ pollutantsper year,
from the minimized use of the LPISstrengthersthe island's energy sufficiency, during most of the
year, and limi$ its dependence onconventional fuels The environmental impactérom the
construction of the projecare reversed bymplementing enviromental restoration measuresuch
astree planting) Finally, this project ispgrading 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 projg®PC Renewables, 2023)
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Figurel-4 Hybrid Renewable Energy Systems

The second HRES is in Tilos Islarmich is installed in 201 TILOS projeaonsistof a WT of 800 kW,

a 160 kWp PV station and 800 kW battery storage system. Al#das been installed an EV charger

at the TILOS infé&iosk in Livadia with 4.93 kWp of PVs on the roof of the kiosk for charging needs
(Kaldellis, 2021; Kaldellis & Zakiss 2020) The development of this project, which will be



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 ipedea
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 securiEUNICE, 2023 inally, an HRES Astypalaia will be ready for use by

the end of 2023, which will include 3MW of RM®tovoltaics and a 7MWh batteistoragesystem,

to coverup 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 additidfTathat aim to cover

more than 80% of the total energy demand of the islé8thart & Sustainable Island, 2023)

The integration of RES plants and energy storage systerhgnhosolve the problemsthat arise

from the stochastic nature of natural resources, but also enhatiteI NA RQ& NBf Al oAt AdG& |
providing power quality servicerishan & Suhag, 2019imultaneously thédnighcost electricity
generationcan be decreased, especiallynon-interconnected islandéNNIs) which are supplied by
LPS, comprising conventional fug{Skiokas et al., 2022)5toring energy duringperiods of low
demand and/or high energy generation, while utilizing the stored eperggen the demand is high
and/or the energy production is low, leads to the satisfactionmhet demand. The subject of stand
alone HRES becomes more attractive in the context of autonomous networks, such -as non
interconnected island@\NIs) The use of RESs provides a significant supply of the required electrical
demand, avoiding simultaneously general or partial blackoudNisduring periods of high demand.

The integration of pumped hydro storage (PHS), batteries (BT) and hydrogen production §&@age
with wind turbines (WTs) and photovoltaic modules (PVs) to handle the intermittent nature of RES is
a competitive and rapidly expanding field of research.

PHSs one of the most widely used energy storage technolggir€nvironmentally friendly metd,
whichcan be easily installed, where it is permitted by topographm G Sy 9 VYalmN@agasy S H A HH
resources availabilityHunt et al., 2020)This technology involves pumping water from a lower
reservoir to a higher reservoir whehere is a surplus RES. When there is defiotinergythe water

flows back down to the lower reservoir through a hydtarbine. About 96% of the world'sdotal
energystoragecapacity is comprised of PEaldinelli et al., 2020; Blakers et al., 202gcording to
(IRENA, 2020)the installed hydropower capacity reachd®10 GW PHS can achieve energy
efficiencies of up to 85% for largeale systemgAlkhalidi et al., 2022)making it one of the most
efficient energy storage technologies availalfiéso, PHS excdlgecause of itéong lifetime, the swift
response timeandis suitable for londerm storage, since the only losses occur dusdepageand
evaporation(Hoffstaedt et al., 2022)it has been rated as the most sustainable storage technplogy
according to(Ren & Ren, 2018However, PHS requs@ high capital costArabkoohsar & Namib,
2021) Building the infrastructure required for pumped hydro storage, such as reservoirs and
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turbines, can be expensive. In additidPiHSrequires a significant amount of space and access to
suitable terrain.

Previous research works Yaalready studied the intgration of PHS to REfased projectsNassar

et al. (2021)propose a method for optimal sizing ofP&//WT/PHSor sustainable electricity supply

to an urban community in Libya. The optimization problem is constrained by operating conditions
and output urcertainty 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 Advisoryoltel software.The optimal power capty ratio of the PV array

to the wind turbine farmsfound to be 1:5 based on LCOE. PHS cong#iat15% of the annual load
energy, demonstrating that the RESs coupled with Bld®ostcompetitive and reliable alternative

for urban areas with high potential for RES.simulation tool that models the operatioof a
PV/WT/PHS plant, considering theiadility of solar and wind sources and modeling each subsystem
with variable efficiency depending on the operating regime is presented by Notton(@0alZ) The

tool considers the variability of solar and wind sources and models each subsystemavidtbles
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, includirgmewables, 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
|l w9 {Qad OKINIYOGSNREGAOE 2y LISNF2NXIyOS A& aGdzRASR
highighted. Xu et al.(2020)invegigate a WT/PV/PHS systeim Xiaojin, Sichuan, China aszase
study.The techneeconomic index is used to design tHRE@ndatrade-off analysis is done between
maximum power supply reliability and minimum investment cost using MDbiective Particle
Swarm Optimization (MOPSO) basedRameto optimality theory. The analysis also considers the
curtailment rate (CR) of wind arsdlar power due to policy requirements. The results show that the
WT/PV/PHS onfigurationhas a lower levelized cost of energy (LCOE) than the PV/PH®end
WT/PH&nd equal td.091 $/kWhor LPSBf 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 antthe weighted sum approach (WSA) perform well in finding the Pareto fr@yafii

et al. (2021)conduct a techneeconomicand environmentabnalysis ofa PV/WT/PHS/Diesel (DG)
systemfor a rural microgrid system. The analysis between eight feasible configurations finds that the
optimal system configuration is the PV/DG/PHIS net present co§NPCand payback perioPBP)

are in accordanceiith 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 aigaapour et al.
(2021)propose a resilient smart hybrid renewable energgteyn 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 bdlers, 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 energyLgpds et al(2020)propose

a new approach to designing WPSS using Particle Swarm Optimization, vikeielmta accounthe
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 progeictcreasing
Capital Expenditure (CAPEX) undetteby 50% with a reduced project lifetime can lead to a negative
NPV .The potential benefits of installing WT/PHSn the insular power system of SamasGreece
arediscussed iiBouzounierakis et al., 2019)heresearchuses real hourly data fa 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 sitesuggests that such installations could significantly
improve the operation of isolatedgwer systems with high wind and solar potential, such as many
Greek islands, by compensating for imbalances between power generation and load défapsali

and Anagnostopoulo@017)investigate the economic viability of largeale wind energy produocin

and local energy storage in interconnecting Lesbos Island with the mainland grid. The Levelized Cost
of Energy (LCOE) is calculated for two scenattiesisland's interconnection with or without local
energy storage and the results show that combintingisland's interconnection WT/PHS system is
economically attractiveMaisanam et al.(2021) discus the integration of socienvironmental
factors with techneeconomic factors in designing and sizing a PV/PHS/Biogas (BG) system for the
electrification of a remote Indian town, and a G®aésed metaheuristic optimizer is developed for
solving the optimizéon problem. Results show that the contribution of seelavironmental factors

in the present case is 6% of the total net present cost (TNPC) compared to 94% foréeohomic
factors. The optimal HRES size is obtained as 57.5 kW of PVs, 8 kW oft B&7 @laikWh of energy
storage, and 33 kW of converter size.

Batteries are another widely used energy storage technology, particularly forscaddl applications.
Batteries store energy in chemical form and releasssiélectrical energy when it is néed. Theras

a range of battery technologies available, including {aeidl, lithiuntion, and flow batteriesOne of

the key advantages of batteries is their flexibility. Batteries can be used for a wide range of
applications, from sma#icale applicatios such aproviding energy for household consumptiotg
large-scale applications such as providing energy storage for power gsgecially,|ow batteries

have gained considerable recognitior largescaleapplications due taheir simpledesign and
operation, long operational life and quick respor{gean et al., 2020). Generally, batteries have a

fast response time and thus they are effective for peaknand periodgZhang et al., 2018)n
addition, batteries can be easily scaled to meet the needs of different applications, making them a
particularly effective energy storage technology IRRRESdVoreover, batteries have a long lifespan

and especially Lithiusion batteries(Qi et al., 2@2)and can be recharged and discharged repeatedly
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without significant degradation, making them a reliable and -edfdctive energy storage technology.
On the other handthe production of batteries requires a significant amount of energy and resources
and thdr disposal at the end of their life is combined wihvironmental impaa (DehghaniSanij et

al., 2019)

Many studies of HRES coupling with batteries have been condudtedanah et al(2020)propose

a methodology to optimize the configuration o¥T/PV/BTDGsystem.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 besstcvalue, and simulation results show the
optimal variables for the system components. The proposed approach is found to be efiactive
achieving the cheapest renewable energy generatBkouari et al.(2021)evaluate the energy,
economic, and envimmental aspects of an autonomo®8//WT/B. The HOMER Pro software was
used for optimization and economic evaluation, and simulations were carried out for 24 inities
different climatic regionsin Morocco The results show that the HRES can save up8@1%ns of

CQ 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 fifécan continent due to decreasing costs of renewable
energy equipmentKazem et ak2017)design and evaluate a hybrid PV/VBIIDGsystem searching

for the best configuration for the lowest cost of energy and the minimizatidgat® The simulations

and analysis are conducted using HOMER software to meet the electrical load demand for Masirah
Island in OmanA hybrid PV/WT/BT system for the generation of electriftitya typical house in a
remote village in southeastern Iraq is proposedAkShammairet al., 2021) The optimal sizing for

each component was determined using teckhexnomic feasibility analysis, and the proposed
hybrid system resulted in better, cleaner, economical, and more reliable electricity compared to a
single source. The renable factor of the system was 100%, and the cost of energy was 0.566
US$/KWhKatsivelakis et a[2021)examine the feasibility and viability of HRESs in Donoussa island,
Greece, for supplying electricity in remote areas. The study uses HOMER Proestdtwanduct a
techno-economic analysis for three scenarios with different adoption rates and configurations of PV,
WT, BTand 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 hybrighsyst
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 intdgrtiiin.research,
Fiorentzis et al(2020)discus the importance 6 transitioning to sustainable energy sources and
implementing energyefficient development. The study focuses on the Greek island of Astypalaia as
a case study for the fuficale implementation ofhe WT/BT system Results show that the use of an
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HRES cancrease RES penetration and reduce fuel costs, while the fast response of the batteries can
SYKIFyOS aeadsSyQa adlroAfAde RdZNAYy3I RAAGAINDI yOSao
Thedevelopmenf hydrogen storage solutiain HRESs has received more attention in recent years.
Hydrogen can bproduced 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 technb&igg developed, including
compressed gaseous hydrogdiquid hydrogerand materialbased hydrogen storage. Currently,
these are the three primary storageethods(Yanxing et al., 2019%ach 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 renewaldgstem (Izadi et al., 2022)Compressed
hydrogen storage is one of the most common methods of hydrogen storage and involves compressing
hydrogen gas into highressure tanks. This technology is wadtablished and is currently used in a
variety of applications, including fuel cell hieles (Alves et al., 2022and 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 h some applications, such as rocket fuel, but is not as widely used as compressed hydrogen
storage due to its higher cost and complex{§chrotenboer et al., 20225olidstate hydrogen
storage is an emerging technology that involves storing hydrogansiolidstate material, such as

metal hydrides or carbon nanotubéSimanullang & Prost, 2022)his technology has the potential

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

but is still in the earlgtages of development and has not yet been widely commercializgdtogen

can be produced locally, increasing the independence of the energy stfayet al., 2021Pne of

the key advantages of hydrogen production is its high power defSiirer & Aat, 2022) In addition,
hydrogen can be easily transported and stored for as long as it is required, making it a flexible energy
storage technologyEscamilla et al., 2022Compared tdPHSjnstallinga hydrogen production unit
requiresmuch less sace, and no specific topographic parameters are neces$aoyeover, its
productionhas thepotential for zero emissionfiowever, wherit is producedby conventional fuels

a large amount of CQOs generatedmeaning thathydrogen is not an environmentalfyiendly
solutionanymore(Yu et al., 2021When hydrogen is produced using only RES, meaning exploiting
RES fothe electrolysis of thevater too, thisleads to the decarbonization of hydrogen, producing
green hydrogen(Kakoulaki et al., 2021When hydrogen is produced using only RES, it can be a
completely clean and sustainable energy storage techndlistpaq et al., 2022purplus energy from
RESsan be utilized for the production and storage of green hydrogen for use when RES production
is less than the load demar{ilberry et al., 2021)n addition, hydrogen can be used to power fuel

cell vehicles and other applications, providing a versatitergy source for a wide range of
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applications including fuel cells, heating, and transportatibtawever, one of the main issues about
hydrogen production and storage is its saféban Marchi et al., 2017)

Manystudies have been published, in whityxdrogen storage solutions for HRE&simplemented.
Hinokuma et al(2021)propose aPV/WTFCsystemusing a fuzzy logic control algorithm to reduce
building load demand in Japan. The proposed sysigisimulated using MATLARmulink and
validated exprimentally. A technceconomic analysiss conducted, revealing potential surplus
power generation and lowdrtCOHRIsing the proposed system, with potentiasignificant savings of
2.17 million yen per yeaf.he operation of a PV/hydrogen systéexamined inCeran et al., 2021)
analying the aging effects othe HRES terms of energy production decrease and demand for
additional hydrogerstorageduring 10 years of the system operation. The study suggests that the
system performance decline r®n-linear and depends on the load profile and PV module types.
Rezaei et alRezaei, Naghdlhozani, et al., 202@nalyzethe economic viability of harnessing wind
energy for hydrogen production in Afghanistan. The levelized cost of-géndrated edctricity is
projected for all 34 capital cities, and the energy efficiency of the hydrogen production sybem,
Levelized Cost of Hydrogen (LCOH),thaghayback periodreinvestigated for the city with the least
LCOEGhenai et al(2020)designan off-grid hybridPVFCsystem using modeling, simulation, and
optimization techniques to meet the energy demand of a residential community in a desert region
by increasing the RES penetrationhe simulation results show that the system Fag0.2%
renewalble fraction, is economically viable wihhLCOBfn ®m n  and i$ énWronmentally friendly
with zero carbon dioxide emissions during electrigigneration.Sultan et al(2021)present a novel
metaheuristic optimization technique, called Improvedifigial Ecosystem Optimization (IAEO), for
designing an optimal gridependent and offgrid HRES consisting of three different configurations
PV/FC, WT/FCand PV/WT/FBenk Y A YdzY @I fdzS 2F / h9 Aad ndotn exki?2l
intheintegrateda @ a4 SY YR nodnun ek(12K F2NJ GKS t+k2¢kC/ Y

All the above storage solutions can be used to provide energy storage for a wide range of applications,
from smaliscale to largescale. In addition, batteries and hydrogen can be usedower 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 storagatteries, 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,
andthe 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
publishedin recent yearsThe potential of wind energy to meet the electricity needs of remote island
communities, as well as the challenges associated with hignd 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 presen(ialitellis, 2020)
Hybrid energy solubins are evaluated on a financial basis, considering environmental impacts and
finally examples of wintbased hybrid energy applications from around the world are proviBeghri

and Rudramoorthy(2021) conduct the design and p#easibility techneeconanic analysis of an
HRES for rural electrification mvillage,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 engrgequirements and achieving a significant reduction in carbon
emissions compared to diesel generatdbas et al(2021)present a review of HRESs coupling with
PHS systems analyzing the technical details -effsttiveness, and environmental indicasorThe

study identifies PHBased 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 minimizatiorof the cost of energy while considag technical, economic, and environmental
parameters is presented i(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 puhyoled storage

hybrid system is moreosteffective than the battery storage hybrislystem.Islam et al.(2021)
compare a PV/WT/PHS energy system with batteaged systems and diesahly systems in
Newfoundland, Canada. The study investigates the effects of uncertainty on sizing titedygibem.
Results show that the proposed hybrid system can supply electricity to the community at a
significantly lower cost compared to diesaily systems and that it can save a substantial amount of
diesel and COemissions. Additionally, the pumped drp storagebased system is more cest
effective than batterybased systems, and the integration of hydro into the PV/Wind/PHS option
reduces the cost of energy by 58&atsaprakakis et g2019)examinethe optimal electricity storage
technologies for mall, insular, autonomous electrical grids integrated with RiBge Greek islands

are studied as case studies and PHS and electrochemical storage withcidagdr lithiumion
batteries are investigated as potential storage options. The study findsRH& is a competitive
alternative for larger islands, whilBTsystems can achieve 8@% RES penetration. The economic
FSIFLaAoAfAGeE Ad SyadaNBR gAGK St SOGNROAGE &aStfAay3
periods for investments are estimatedbi 6 SSy ¢ YR mn &SI NRO®

The produced RE®hat cannot be utilized simultaneously and neither can be stodedng the
operation of a single storage HRES8bject to available storage capacignds up in a dump.
Surplusenergy can be further exploited by ing storedin a second storage technology in a hybrid
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storage HREMany studies on hybrid storagéRESkave been publishedlhe optimal design of an
off-grid WT/PV/BTFChybrid system is proposed {Marocco et al., 2022Wwhere both LCOE a@D?2
emissionsare consideregimultaneously. 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 reduieg the dependency on fossil fuels and enhamg renewable energy
penetration. The cheapest configuration, which includes both batteries and hydrogen, has an LCOE
2F nonm e€ek(12KI gKAOK A& IthedydagniRouplgrtinly with iaeNds 0 Ky (0 K
as enegy storageJaved 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 andresihg battery lifespan while
reducing maintenance costs. Simulation studies validate the proposed system's effectiveness and
potential to electrify more underserved communitiés (M. M. Bertsiou & Baltas, 2022t authors
investigate two models ofusplus energy storage systems for islands that use wind power. The first
model uses #HSsystem, and the second model uses a hybrid pumped hydrogen storage system
consisting of PHSand a hydrogen storage system. The goal of the study is to comparavthe t
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 systerRerrario etal. (2021)evaluate the optimal sizing of WT/PV/BTFC
system for a real hybrid renewable microgrid in Huelva, Spain. Four storage configurations are
assessed, and results show that a hybridizedrgy storageapacity is beneficial for energy security

and efficiency butcan represent a substantial additionedst. Increasing battery capacity is more
beneficial forthe abatement ofloss of loagdwhile increasing=Ccapacity is more useful to absorb
excess energyn (Akter et al., 2022}he examination oBangladesh's energy situation atie design

of a 1000 RESbased offgrid power system for St. Martin's Islaigl proposed.The mixednteger

linear programming optimization technique is used to demonstrate the efficacy of the suggested
PV/BTFCsystemand four cases are explored to show the system's-effsttiveness and profit
maximizing potentialKefif et al(2022)propose aNT/PHS/BBystem 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 uddo 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 isa@hy@roportional

to wind and flow rate speedCanales et al2021)present a mathematical model for the siaed
performanceoptimization of a WT/PV/PHBI system The study focuses on Ometepe Island in
Nicaragua and evaluates how different capitaltsandLPSRffect the system's optimal sizing and

cost of energy. TR€OENJ y3S& FNRY € n ®nn.tk(lata®arcia 2t alg 2008ppp k | 2 K
techno-economic analysis of a FRHSFCBTsystem igpresented forthe 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 techreconomic study of all components of the hybrid system is carried out.
The results show that the hyid system provides the required power, optimizes hydroelectric and
solar photovoltaic generation, and maintains the battery storage subsystem loading status to avoid
deep discharge®ambone Sessa et §2018) propose an HRES consisting of flywhent$ lzatteries

to support primary frequency regulation in the electrical network. The study investigates the benefits
of flywheels in mitigating the accelerating aging thatohi batteries suffer during grid frequency
regulation operation through experimeat aging tests and simulations. The results suggest that
proper power control between the batteries and flywheels can effectively counteracohlbattery
aging.Phan and Laj2019)present a WT/PV/BHCsystem. Thestudy focuses on optimal sizing,
maximum power point tracking (MPPT) control, and energy management system development. The
NBadzZ G 27F [/ h th(Dawoodretdk, 2080jheerchse &cdnariosf anHRES are examined

for a hypothetical remote community MWestern Australia. PV isdlprimary RES, whithe battery,

the hydrogen and the batterpydrogen are the alternative energy storagésing the HOMER Pro
software, the simulation results show that the hybrid energy storage system is the mostffaxttve
scenario for electrifyig remote communities with low energy generation costs and reducing their
carbon footprint. Guezgouz et a{2019)propose a new energy management strategy to coordinate

a hybrid energy storage system based on pumped hydro storage with batteries. Tiralogitie of

the system was determined using a nmudhbjective 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, sensitivipalysis 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 performanc8eedahmed et a(2022) examine the use of HRES for
the electrification of remote areas with a focus on theSklumaisi cluster in Saudi Arabia. Two hybrid
configurations, a WHCEBT/DG and a WHUBT system, are proposed and comparén a
configuration using only DG unifBheresults showthat the WT/FGBT/DGconfigurationis the most
economic and ecdriendly solution with a reduction iNNPC and a decrease in pollutardiempared

to DGbased units

1.3 Desalination technologies

Water shortage has negative effects on the Gredknds, 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 increaseléving costs. Transporting potable water to the islands from the mainland costs
between 7 ad 12 euros per cubic metéBardis et al., 2020; Myronidis & Nikolaos, 20BHsed on

the various social features of the customers, variations in the water demand as a result of climatic
change also appedFiorillo et al., 202)) Climate change hasn impact on evapotranspiration as
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well, which affects irrigation water requirements and has an impact on water management and
agricultural productivity(Magsood et al., 2022)Moreover, issues with groundwater quantity and
quality arise as a resulf 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 RESitigate 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 ey efficiency(Panagopoulos, 2021pesalination 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 moustainable Especially in thease of Greek islands, HRES coupling
with a desalination plantan use wind and solar energy, as well as the seaveateépunding each
island to solve both energy shortagéSpiller et al., 20223nd waterscarcity(Kakolas et al., 2022;
Vourdoubas, 2022; Zafeirakou et al., 20ZBHawater desalination can guarantee the supply of water

to islands with limited water resourcdblerreraLeén et al., 2018)n addition, the use of RE&sed
technologies for household aragricultural applications improves the security of the water supply
and the independence from fossil fuels, while also providing the chance to improVéates-Energy
nexus(Simao & Ramos, 2020)heWater-Energynexus(WEN) the interdependency betweewater

and energy,is a welknown subject that has drawn more interest from the reseaanld policy
sectors (Wichelns, 2017)In addition to providing for water demands, the availability of water
resources allows for the concurrent exploitation RES o provide for energy needs as well. The
availability of water resources may have an impact on the capacity to generate electricity to meet
energy need$Nouri et al., 2019)The combination of RES and water resources will decrease the use
of fossil fuelsprovide 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
shortagesThe 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 ofevaupplies, oceans are the

only sources of water that are practically unbound&@logirou, 2018)_arge amounts of energy are
needed to remove salt from seawater, and the environmentally favorable energy sources for the
desalination process are renewlas(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 membrar®ased (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 Multstage 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 ofpevators to produce steam and condensers to
produce fresh water.
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Figurel-5 Desalination methodéThimmaraju et al., 2018)

Membranebased desalination involves forcing seawater through a gemneable membrane that
separates salt and other minerals from the water. The most common form of meminased
desalination is Reverse Osmosis (RO), which uses high pressure to fawaesethrough a
membrane and into a collection tank. Another form of membréy@sed desalination is
electrodialysis, which uses an electric current to remove salt and other minerals from the water
(Thimmaraju et al., 2018 embranebased desalinationnits have been erected during the past 20
years and currently compensafer around 70% of all plants. Nowadays, 63% of the desalination
market is accounted for by reverse osmosis (RO) desaling@aide, 2016) Also, compared to
thermalbased desalinatn technologies, RO plants have a capital cost that is around 25% lower
(Alkaisi et al., 2017Desalination units can be used to supply desalinated water for electrolysis to
produce green hydrogen from RES. The need for desalinated irrigation watso igrdicipated to
meet the region's irrigation needs in addition to the demand for household water.
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Among all desalination technologi¢sat can be used in conjunction with REBDis the main
desalination techniquéecause it uses little energy ahds low associated cosfEsmaeilion, 2020)

and this can balso seen irFigurel-6, where RO corresponds to 51% of the total use ofRs8d
desalnation technologies.The energy consumption foa ROsystem varies fron3.7 and 8 KWh/m
(Fornarelli et al., 2018; D. Xu et al., 2048lis 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 size@Navarro Barrio et al., 2021In Figurel-7 the use of freshwater globally is
depicted, according t@Pugsley et al., 2018)

Other
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Figurel-6 REShased desalination technologi¢éBhonde et al., 2022)
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Figurel-7 Use of fresh water globalPugsley et al., 2018)

The association of HRES with a desalination unit for domesti@griculturapurposes has acquired
great interest recentlyRezaei 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 omsingRESo0 solve water and energy shortage issuBsrtsiou et al(2018)
describe the design ofreHRES, which utilizes wind and hydropower for electricity generation and
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desalination of seawater to covedomestic and agricultural water demands. The/sgem's
performance is evaluated in three scenarios, and the study shows the potential of the project in
fulfilling the island's electricity and water needshile in(Bertsiou M et al., 20173 costbenefit
analysis has been conducted for the proposeRBSIn (Stoyanov et al., 2028 methodology for

sizing a hybrid renewable energy system with wind and PV generation and water tank storage for
agricultural applications in offrid 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 patetatapply the methodology to various

sites, generators, and cropis. (Ajiwiguna et al., 202},)the optimization of a photovoltaipowered

reverse osmosis system with a seasonal water storage tank to achieve low water cost and stable
water supply, iproposed. 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,
HPnc e€ekYoX YI1Ay3a GKAA &eéaidbie systemDiLeydl.@Ry)3 02y OS
optimize aPV/WT/DG/BT system to supply reliable electricity and fresh water to a comnaumsty

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 reductidil 3% and 9.3% in overall system cost

and electricity cost, respectively, while job creation increases byséd#fis 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 200T7 and
investigates the optimum distribution of the produced wind energy. The study presents the results
of the HRES simulation in coveritng water and electricity demands of Patmadaind.Skroufouta

and Baltag2021)investigate aPV/WT/PHS systemvith a desalination unit in Karpathos, Greece,
where 40-year synthetic time serieare used for meteorological and demand dathinking and
irrigation water demands, and wind and soladiation. 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. BorgeDiez et al.(2021)investigate the economic viability of desalination plants
powered byRES Results show that the projects can be economically profitable under certain
conditions of grants and investdisxpected benefits, but sales waterandenergy can be a limiting

factor. In (Triantafyllou et al., 2021the evaluation ofthe energy needs and water resources of
Nisyrodsland, which currently relies on costly water transportation from the mainladonducted.

The study proposes B\based configuration to sustainably power the island's desalination units,
with a focus on economic benefitt (Kotsifakis et al., 202@xamine and comparehtee different
scenariosfor meeting domestic water demaneh Lipsi islandLifecycle cost analysis performed
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to evaluate each scenario from an economic point of viéaurtis et al(2019)examine five different

water resouce management scenarios on eight dry islands of the Aegean Sea in Greece, comparing
the current practice ofvater hauling via shipgainst alternative water supply schemes for meeting
water demand. The optimal solution for each island is proposed basedlife 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 choete change.
Eltamalyet al. (2021)proposethe 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-eiffiectost
compared to conventional power sources, with a cost of $0.788b6nfreshwater productin. Nikas
Nasioulis et al(2022)implementan HRE®at utilizes wind energy to meet the energy, water, and
electromobility demands ofKos Island Two different scenarios are studiedusing hourly
meteorological and demand data from 202620,analying CO2 emissions, and perfoimg a cost

benefit analysisThe HRES makes the island autonomous aness#i€ient, reduces pollution, and
improves the quality of lifeEImaadawy et al2020)proposea WT/PVDGBT systento power a
desalinationplant and asses the techreconomic and environmental feasibility of different-gffid

power systems. Results show that the proposed HRES outpexfiher alternatives and a potential
reduction of up to 81.5% in carbon dioxide emissions compared torgxidiesel systems is achieved.
Papapostolou et al(2020) explore the challengef small islands in terms of water and energy
resourcesunder theWEN The paper suggests a comprehensive strategy to deal with these issues by
implementingalternatives 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 possibée raisonable cost while
minimizing GHGs.

1.4 Thesis contribution

The contribution of thisresearchconsistsof the developmentof an integrated methodological
framework for the siting of wind turbinesf the energymanagementtrategiesof HRESs coupling
with different storage technologies, single or hybridth the simultaneoudulfillment of energy and
water demandsand of the methodological framework for the estimatiaof the rejectedrenewable
energy from an HRE®he mdor research points of thithesiscan be summarized in the following
points.

A. A specific methodologys presentedn order toevaluate potential sites for the installation of
wind turbines, using different scenariesid performing a sensitivity analysisconsiders both
the parameter of the environmental constraints and the current legislation framework for the
siting of a winl farm. Scenarios of installing a wind farm with the lowest possible energy losses
due to power transmission via cables @leobeing investigatedResults show howvinstallation
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locations are affected based on specific siting criteria (technical, ecormmdicultural scenario),

as well as how changes in specific criteria affect the final installation locatibasnethodology

and the results are analyzed in Chapdewhile the conclusions are presented in sectioh

. An assessment of HRESs using wind turbines and photovoltaic modules and coupling with a
desalination uniand 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 stavéth 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, pomragind 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 avoidancé 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 f&issions? How are changes in meteorological,
demographical and installation factors affecting the results?

. 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 igprovided 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 makeithsygtem

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 istprexcess energy versus the energy
produced by a pumped hydro storage system are investigd&daded on the results of rejected
energy from an HRES, the optimal direct percentage of renewable energy to the system is
determined afterward. The methodology ad the results are analyzed in Chapterwhile the
conclusions are presented in sectiors.

1.5 Thesisstructure

In Sectionl of the thesis,a presentation ofenewable energy sources and theepailing institutional

frameworkin Greece, as well as tligJ's policy on RESpresentedin addition,ananalysisof hybrid

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

like pumped hydro storage, batries and hydrogen productiollso,the water desalination process

is demonstrated witha particular reference to the reverse osmosis method, which is the most
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widespread ands examined in the contextf this work Finally, the aim, motivation, structure and
contribution of this researchre presented.

In Section?, the study area and the data processing are presenkalinoi Korseonri the North
Aegean is used dbe case study for all the scenarios and dpplication of the methodology. Data
about population, demand, as well as meteorological data of the island is displayed from 2013 until
2019. Also, monthly wind speedsolar radiation and temperature for the reference year 2019 are
displayed. The estimation of the optimal angle of the PVs is presented for each montiheand
mathematical background for the calculation of ttedal radiation on the tilted planés presengd.
Finally, the eeaprotectionregimeis depicted and theslgislation framework for wind turbine sitting

is provided.

Section3 presentsa combined use of MuKCriteria DecisiotMaking (MCDM) and Geographic
Information System@GISmethodology for the evaluation of eligible sites for wind turbine sitting for
three enarios withdifferent combinations of criteria is presente@in 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 transmissiollys a sensitivity analysis is
performed, to determine the impact of each criterion on the suitability maps of an area.

Section4 presents the methodology thas 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. Bergy management strategies are described based on single or hybrid storage sethod
depending on the storage technologies of each scenario. Subsequently, the methodology for the
economic and environmental analysis that will be conducted, as well as diwiars that will be
calculated to make the comparison between the scenarios, are presented.

In Sectiorbthe resultsare presented for each examined configuoaitiaccording 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 HiRtE®echarging and
discharging procedure for eactosage methodare displayedAlso, reliability analysis of each HRES,

as well as economic and environmental indices are estimatedthéeost of energy (COE), cost of
water (COW), loss of load probability (LOLP), payback p@®Epand eliminated C&quantities.

In Section, 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 engayy

the nework, the capacity ofthe pumping station andhe volumeof the upper reservoirBased on

the resultsof rejected energy from an HRES, the optimal direct percentage of renewable energy to
the system is determined afterward.
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In Section/, the conclusions about th#ehavio€bf each storage methoih the context of an HRES
arepresented. Also, key findings about the minimization of the rejected renewable energyHRBS
and thescenario with the optimal hierarchy of criteria, which combine both low costalager
surface for installation are demonstratedrurthermore,thoughts and considerations for future
researchare provided

Subsequentlythe Acknowledgmentandthe Referenceslistare availableAt the end of this thsis
the appendices are presented. Wsppendix A¢ Abbreviationsthe Abbreviations are listed, in
Appendix B, List of Figureand AppendixCc¢ List of Tablethe list of Figures and Tables are presented
respectively, inAppendix D¢ Extended Summary in Greeg { _ 8 _ T » W A %the. extended
summary in Greek jgrovidedand inAppendixE¢ Complete List of Publicatiotise complete list of
publications by the author, associatedth this thesis, islemonstrated
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2 Study Area anbataProcessing

2.1 Fournoi Korseon

Fournoi Korseomr Fournoi Ikarias or Fourng a cluster of islandsslets and rocky islets of the
AegeanSea in GreeceTheir location is southwestern of island Samos and eastern of island Ikaria.
The main ones are Thyama, Thynenaki (orThymenonisi), Alatonisi (or Alafonisi, or Alatsonisihe t
west, Fournoi, Kisiria (or Diapori) in the center, 8¢rdo, Play (or Plaka), Makronigor Markr) in

the southand Anthropofas (oAnthro), Little Anthropofas, Kedro (or Little Anthropofas), Agridio (or
Prasonigi Agios Minas, Little Agios Minas, and Plakakhe east The main inhabited areas are
Fournoi, Thmena and Agios MinagournoiKorseonis the largest island of the cluster with an area
of 30.5 kniand the capital settlement with 1400 inhabitants The characteristic of the islets of
Fourroi is the very large coastlinef 120 km which exceeds in length that of Samashich is
comparatively much larger in siZEhymaina is the secordrgest island of the complex with an area
of 10071 knt and is populdion is 151 inhabitants living in the two settlements of the island
Thymainawith 140 inhabitants and Keramidawith 11 inhabitants Agios Minas has an area of 2.1
km? and only 3 inhabitants. The highest point of the island is 470 m.

Fournoi Korseon belmgs 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 settieofi 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. ltearis 44 sq. km. All the settlements of theimicipality are
located on the largest island of Fourrapart from Thymaina and Keramidou which are located on
the island of Thymaindn Figure2-1 the island and its settlementsre shown. The digital elevation
model is obtained by the National Cadastre & Mapping Agency SA of Greece. The pixel size is 5 x 5 m,
the geometric accuracRME is z )X2.00 mand the absolute accuracy is about 3.92with a 95%
confidenceevel.

The climate in Foum Korseon, due to the geographical location and the influence of the sea, is
characterized ashe Mediterranean with mild winters and prolonged dand 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 18.4The average monthly minimum is°in
February, and the average monthly rimum is 28.4C 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 47.56 in summer. The dry season lasts from April to October. The days ofrrost a
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.
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Figure2-1 Study area; Fournoi Korseoisland

The island has an underground landfill. In 2011 a static study of biological treatment was prepared
for the settlement of Fourai, but the construction has not been done until todayhe road network

of the island connects Chora (port) with almaditthe settlements. The permanent population uses
mainly cars for their transportation, while 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 (s station. The ferry connection is served by the port in Chora with ferries from the ports of Piraeus,
Ikaria and Samoghere is aetwork ofHellenic Telecommunications Organisation ®iich reaches
almost all settlementsMobile telephony is servedyball networks and there are three antennas
installed, two by Cosmote, near the settlement of Faurand on the Varela hill, and the third, by
Vodafone, near the settlement &flagialn the settlement of Fouroi, the service of the municipality

of Fournii Kors®n operates together with the technical service of the municipal#yso, the
settlement has &Citizen Service Centéand the secondone in Thymaina)a policestation, a port
station, a health centera Hellenic Post officea high schoolkndtwo primary schools (and a third
primary school in the settlement &hrysomilia).
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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 proportiothe natural pastures (14.5%), areas wgharse 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%).

Wind Farms - Under Evaluation
» Wind turbines of wind and hybrid power plants - production license
[] Hybrid power plants - production license
[] Hybrid power plants - rejection decisions

Figure2-2 RAE Geoportal Map of Regulatory Authority for Energy (R#&tfps://geo.rae.qgr/

There is nextendedproduction of agricultural products on the island, except for a @iwes 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, prolis, jams and desserts, herbs and natuvak. 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 thi#tact visitors. Today thee are 27
companies registered either as rooms for rent or as hotels. The restaurant lists 10 businesses that
offer food, coffee and drinksThe tourist activity belongs to the residents. The peak of the tourist
season is located in August whmost visitos are mainly Greeks and European foreigners. In recent
years there has been a significant extension of the tourist seasihstarts in May and gradually
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increases until September. At the beginning and end of the summer season the visitors are German
naturalistsandwalkerswho comeeither individually or in small groups.

Chrysomilissince 2008 is connected to a water supply network and to a desalination plant with a
capacity of 100 fiday. The desalinated water is available to the residents through a desalination
reservoir. The desalination system is supplied on a daily basis witf/Adof 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 andéquently 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 ddfirom a natural spring of 94 meghth. 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 3,00hchafter filtration is
transported through pipes to amaller tank of 400 f 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 harvestiegnsyand
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 daaie for agricultural use. Private wells are usedifiogation

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 availablevitep

use.

The island is submarirnnected with the nearby island of Samos in order to fulfill its energy
demands. This results sometimes in extended blackdthe situation worsens during the summer

months when demand increaseésie totourism. Althoudh,theA & f  YRQ& @AY R ateyR &az2f |
very high, howeverthey are unexploited yet.As shown inFigure2-2 possible locations for the

installation of wind farmgGeoportal Map of Regulatory Authority for Energy (RAE) , 20@82)nder
evaluation(yellow polygons)while a hybrid prict in the east of the islandasproductionalicense

from RAE and the operating license is pendigigen color) This is a project similar tthe Tilos

project from Eunice Energy Groupinally, in the south of the islapdn application for a hybrid

project has been rejected

The whole island befs tothe Natura habitat, according to Filotis, the database of the Greek Nature
(Filotis, Database for the Natural Environment of Greece, 2022y monuments of the island prove

the long history of the island. The main of them are thikeofoli, the Acient Settlement of Kamari,

the Ancient Quarry in Petrokopio and Baflagos. 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 classicabecastle is built which constitutes the Akropolis of Fournoi. There is also a
temple in the castleThe 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 eléde 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 argancient Settlement of Kamari is located on the western side of the island
and owes its name to a ruined senylindrical dome. A settlement of late antiquity has been
identified in this area. Remains of buildings extend from the slopes of the low hill teethend
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 rectanigu marble slabs. The traces of clandestine digging of graves
are evident among the thick bushes that cover the sl&@rkofagos was found on a plot of land in
GKS YIAyYy &aSGGftSYSyil 2F C2dz2NYy~ A |yR G2Rpiged AlG &Gl y
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 assunildt it must have been found in its original
position and that a Roman cemetery must be located in the vicifiltg.entire system is installed so

as not to be visible from the island's archeological monuments due to restrictions imposed by
legislation andspatial criteriaBaltas & Dervos, 2012)

2.2 Data collectiorand processing

2.2.1 Population data

The rmanent population of the islanid provided by the Technical Service of the islaamd it is
1400residents However, it is worth noting that thpopulation of the island fluctuatesignificantly
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 Serthedgiand, the
population reaches 4000 during summer and especially in August, which is the mithtthe most

tourist traffic in the Greek islandb Table2-1 the dataonthe populationand its monthly fluctuations
throughout the yeaire presented.
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Table2-1 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 waterequirementsare provided by the Technical Service of the island aredequal to
about 91,500 riper year.Monthly demands range from @)0 n¥, from October to Aprilto 16,000
m?in Augustthe most demanding month due to tourisim Figure2-3 the daily consumption profile
used is presented for a day in August.

For the estimation of irrigation water requirementdata about the crops and the corresponding
areascultivated on the ilmnd are used These data have been obtained @yellenic Statistical
Authority, 2022)and are presented ifable2-2.
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Figure2-3 Hourly domestic water consumption for 16f August

According to theHellenic Statistical Authorityhe 76%of the islandis corered by scrub vegetation,

the 14.5%sgrazing land, areas with sparse vegetagwaabout2.0%, intermittent civil construction
covers thel.1%of the total area transitional wooded scrublandse 1.1% indeterminate coverage

is 4% and land covered by agricultural and natural vegetation is 112%tngthe BlaneyCriddle
method (Blaney HF & Criddle WD, 196RB§ evapotranspiratioris calculated ands construel as
irrigation water Blaney and Criddldeveloped an empirical relatiship 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 actilyegrowing crop with sufficient soil moisture accordingEguation
2-1.

0"Y 00 O pPHY o N Equation2-1
o80T

where ET is the monthly potential evaporation in mm, k is an empuicalcoefficient referring to
the specific crop, T is the average monthly air temperatnf®and p is the percentage of daylight
hours of the monthand is given biquation2-2.
. 00
T P e
GKSNBE b Aa GKS I dSNI IS FaAdNRYy2YAOLKE fSy3adkK 27

Equation2-2

k valueshave been determined by Blaney and Criddle for various crops. The method was originally
developed to calculate the seasonal needs that réfethe 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
abovegound 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.

Table2-2/ NP LIJQa | NB I

Crops Area (nf)
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 desalinatiomrifpaition purposes is
calculated only for these month$otal irigationwater requirements areequalto about102,000 n?
per year, while the minimum monthly demand is000 n?* in April and the maximum 0,000 n?in
July.

The demand for desalinated watis increased in summer due to both tourism ahd irrigation
season. The monthly demands for desalinated water for both domestic and irrigation purposes are

presented inTable2-3.
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Table2-3 Monthly domestic and irrigation wateequirements

Month Domestic water (f) Irrigation water (nd)
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 nighés thispreventsexcessive evaporation, which can waste a large
amount of water.Also, during the nightthe demand fordomesticwater and energy consumption is
reduced, so aniRE$roduction can more easily be given directly for desalinatibinrigation water
and achievenore demand coverage.

The desalination of seawaterpgrformedby the reverse osmosisethod. The energy consumption

for desalination is estimated equal to 5.85 kWH/(Rornarelli et al., 2018; D. Xu et al., 2018 able

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, whileily and in August the maximum
consumption is for the desalination process.

Data about electric load are provided by the Public Power Corporation @fiChe monthly
variation is given, also, ifable2-4. The demand increases in winter dueesttergyconsuminghabits,

like water and building heating. It, also, increases in the sunmduerto touism. 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 irda hourly stepis based on the consumption profile

for Athensby (Psiloglou et al., 20090 Figure2-4 the daily consumption profile used is presented

for a day in August
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Table2-4 Monthly electricity requirements for desalination and household consumption

Month Domestic water  Irrigation water Household consumption  Total consumption
(kWh) (kWh) (kWh) (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 659100 5,271,549 6,457,149
800.00

700.00

600.00

Electricity consumption
(kwh)

500.00

Figure2-4 Hourly electricity consumption for ¥%f August

2.2.3 Meteorological data

The island has high wind and solar potentiaFibgure2-5 the wind potentialis depicted according to
annual wind speed data at a height of 40 Whe layer ofthese data is obtained by Geodata
(GEODATA, Open Data Accessible to Everyone, 201éh they have been calculatéy the Centre
for Renewable Energy Sources a8dving (CRE®psed on an extensive program of in situ
measurements and application aimathematical model.

-35-



26“2‘2'0"E , 26“2:1'0"E , 26"2?'0"E , 26°2l8'0"E , 26°39'0"E , 26"3'2'0"E , 26“3:1’0"E \ 26"3?'0"E

- ,/
Z n ’ /
i | N

4 —

” Y
L4 L4
Z ~ ¥ -
2 - 5 I
° . . R g |
5 | Wind potential . s - -

[ Toria s> SR O
" Hllzs-s0 AT —/
5| []30-40 S~ ey
= J , g
371 Jao-50 ¢ 2 "

S [ [ Js0-60 g

4 [ Jeo-70 e
z | [ 70-80 o
§- Bl s0-90 .
| 0o 15 3 6
5 s ) I N <ilometers

Figure2-5 Wind potential of Fournoi Korseadsland

‘E
ISE

www.helionet.gr
www. pa g maps

Average Annual Sum 2002-2012 (kWh / mz)
© 2013 Hellenic Network

1760 1770 1780 1790 of Solar Energy

Figure2-6 Solar potentialin Fournoi Korseon and the nearby islands, Samos and lkaria (Source: Hellenic
Network of Solar Energy)
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Figure2-6 presents the map of Global Horizontal Irradiation (GHI) in kWémFournoi the island

in the center) fronthe Hellenic Network of Solar Energjyikitidou et al., 2015)In the west iskaria

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 fostine@l monitoring of the
available solar potential in Greece by producing iseleergy 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 26B212. The project combines for the first time for
Greece solaenergy measurements from a watganized 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 iena detailed time and space
scale, as well as in the daily shtetm forecast of solar energy levelslellenic Network of Solar
Energy 2002012, 2022)
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Figure 2-7 Monthly data for years 2033019 (a) temperature, (b) wind speed, (c) solar irradiance, (d)
precipitation

Data about vind speedtemperature and precipitatiorare obtainedfrom the weather station of
FournoiKorseorof the Ndional Observatory of Athens Automatic NetwekkOANN Lagouvardos et
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al., 2017)Also, data about solar irradiance are obtained frtma weather station ofSamos Island,
as in the station of Fourndinere are no measurements of solaradiance In Figure2-7 the monthly
datafor the years 20122019 are shown about (a) temperature, (b) wind speeds@tdr irradance
and (d) precipitationAlso, inFigure2-8 the monthly wind speed, solar radiation and temperature for
the reference year 201%re depicted.

For the calculatin of the energy from the PV, thgadianceon thetilted plane is used, where the
tilted plane is the inclination of the PV framiis anglenustbe optimal forevery month in order to
make the best use of the solar potential and thesR¥ energy production. To find the optimal angle
for the study areathe radiation is calculated for each month the tilted plane and~igure2-9 shows
the valuesof the radiation for a series of angles. Each monthRNes considered to have the optimal
angle.
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Figure2-8 Monthly wind speed, solar radiatn and temperature for the reference year 2019
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Figure2-9 Total irradiance in tilted plane for different for different inclination of PV

Tocalculate therradianceon thetilted plane, the solar deviatidn from Equation2-3 is estimated.

1 ¢@& U Qo oo— Equation2-3
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whereOis the number of days in the year.

The hourly sunset angle is then calculated according Equation2-4.

1
~ U U Equation
T mh ¢ mh wéi O0wEDd HE q2_4
romhf ThaQHET oMM hehweéi oha [ Dghe
where? is the slope of the reference surface in degrees. Alsis, the azimuth surface angle in
degrees and is equal to O for the south orientation and the latitude also in degreeswvhich for

Fournoi Korseois equal to 37.58

The geometric factor for the average day of the mafith, is calculated according tequation2-5.

wéEd T e i Q¢ WTP J ¢ 1 3N
we (we T Q¢ WT;D J "Qgde Q¢

Y

Equation2-5

The average monthlglearnessndexk;: is calculated, which is defined as the quotient of the average
monthly total solar radiation on the ground to the corresponding value in the atmospfidre.
calculation is based on the linear relationships that have been extracted, using available da¢a on
average monthly valuesf the clearnessndex in various regions of Greebg (Vazaios, 1987and
using the latitude for the region of intere@Balaras et al., 2006 able2-5 shows the monthly values

of the clearnessndexk; for Fournoi Korseon

Table2-5 Monthly clearnessndexk: for Fournoi Korseon

Month ki

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 iscalculated according tBquation2-6 by (CollaresPereira & Rabl, 1979)
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Finally, the total radiation is calculated tre tilted plane fromEquation2-7.
"O "O "O ¥ oo T o v .
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where’ is the reflectivity of thesurface

2.3 Area Protection Regime

The important habitats are distinguished for the presence in them of endangpesaes of the Greek

flora and fauna. Endangered species are species that are in immediate danger of extinction
(endangered, those who may be in danger (vulneraplnd those who are vulnerablecause they

have small populations (rareJhe condition othe 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 countriesThe area ofourmi Korsen, according tahe database for the Greek

nature Hlotis (Filotis, Database for the Natural Environment of Greece, 2822 Corineind Natura

habitat. Figure2-10 (a) shows thearea covered by thedZine habitat with the code name "Fourh

Islands of Ikarials 1 n n m n(b) yhe Matura habitaGR41200048karia- Fournoil Y R/ 2 &G+ 12y
and (c)theb I G dzNI KFoAdGFG Dwnmunnnc WLAEIFYR C2dz2Ny2A Iy
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Figure 2-10 Filotis database (aforine habitaty 1 1 n m fiFownei Islands of lkaria = Natara habitat
GRA4120004¥aria - Fournoil YR/ 21 &l f %2y SGR4126000 Whh 6 tzWR KR dzZNWR& |
Thymaina, Alatsonisi, Thymainaki, Strongylo, Plaka, Makronisi, Mékrddviegalos Anthropofagos, Agios
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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 placdeigraded 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 isinknown.lllegalfishing is a threato the area. Remarkable plants, mammals

and birds appear in the area, the list of which can be found in Filotis. The total atbe biabitat
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 nThe site is characterized by higtodiversity and the abundance of
endemic and local endemic plants and invertebraappearingin the area The high altitudes of the

island the geographical locationf the nearby island of Ikariand the plenty of biotopes are
responsiblgor the highendemism The main threato the habitat derive from human activities and
especially the fires that are caused by humahilso, grazing is an additional threatthe habitat,as

well asthe reforestationof species that do ndbelong to the natural ecosyem of the area. A major

threat to marine species, plants and animalsymeontrolled fishingAlso, the increase tourism is
apotential threatto the coasts and, also, for the vegetation due to free camping and the uncontrolled
waste with all that etails.Remarkable plants, mammals and amphibians/reptiles appear in the area,
the list of which can be found iRilotis The total area othe habitat GR4120006 is 4587.16 ha, the
land area is 4587.16 ha, the total perimeter is 137.7 km and the maxirtiiode is 488.0 m. Coasts

are characterized by most typic#legean cliffs, reefs and cavities. The vegetaiavhich are
dominated arephrygana and maqujolive groves and cereal fieldsyeeding seabirds and typical
Mediterranean scrulspeciesappear here Remarkable birds appear in the area, the list of which can

be found inFilotis

2.4 Legislation framework for wind turbine sitting

A number oflaws 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. Additigntie Regulatory Authority

for Energy (RAE) must be contacted to obtain an operating license. This license can be used up to 25
years. Also, wd turbines with a capacity of more than 3 MW require an environmental impact
assessment (EIA). The potentidleets of the wind turbines on the community and surrounding
environment must beconsideredin the EIAIn 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 insadssignated for renewable energy
projects, which developers must ensurBurthermore, lealth and safety regulations must be

-41-



followed when designing anditting wind turbines. In addition, developers must conduct risk
assessments and implement appropriaafety measureslt 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, 2008bout the Renewable Energy Sources and their
environmentalimpact, Greecels 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, includinglso,Euboea.

b. Attica, which ixonsidered separately from the rest of the mainland, due tonistropolitan
nature.

c.Crete and alllie inhabited islands of the lonian and the Aegean. 8ethis category belongs this
case study of Fournoi Korseona 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. DeclaredWorld Heritage Sitesnonuments of major importance, delimited archaeological sites.
b. Areas of absolute nature protection.

c. The Ramsar Wetlandboundaries of Wetlands of international importance)

d. The cores of national farms and the delimited morants 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 Parliaménshould be noted that according t@fficial
Gazette 85, 2010)he 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 gffan 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 scheiok debs not permit
the location of wind farms.
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3 Wind turbine sitting

ThisOKF LG SN Aa ol SR 2y (KS Lzt A O Milthcaitgria énalydis . S NI & A -
and GIS methods for wind turbine siting in a North Aegean island, Energy Science & Engineering,
Volume 9, January 2021, Page$8https://doi:10.1002/ese3.808

3.1 MCDM and GIS methodology for wind fadesign

In this sectioramethodology for the evaluation of eligible sities the installation of WT is presented

and it is based t¢M. M. Bertsiou et al., 2021)t is a combinationf Multi-Criteria DecisioiMaking
(MCDM) and Geographic Information Systems (f6IShe 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 hasden presented in sectio.4. The concept behind this strategy is to offer a
versatile decisionmaking structure that presents various scenarios, allowing the ideeisaker,
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 eathkeholder.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 {(§aaty, 1977)The criteria that are selected to be evaluatade
presented below. Some of the criteria mentioned in the legislation framework have heetaken

into account like wetlands, Ramsar, monasteries, as all the above do not exist in the island.

1 The first criterion is the wind potentiad, . For maximizing the produced energy from the
wind turbines, the wind potential should have maximum possible value.

1 The second criterion is the altitude in which the wind turbines are instabled, Wind
potential tends to be more intense at higher altitudes, so it is considered that high altitudes
are required to increase wind energy production.

1 The third criterion is the distance from the settlements, . According to the framework
legislation, there is an exclusion zon#hin 500 m of the settlements where the installation
of the wind turbines igrohibited. On the other hand, the closa 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.

1 Next criterion is the distance from the road network, . According to the ramework
legislation the installation of the wind turbines is not prohibiteg to 10,000 km from the
road network. As Fournoi Korseon is a small island, this restriction is satisfied in advance
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is preferable to install the wind turbines in placesseldo the road network in order to avoid
the construction of accompanyirgojects i.e., road excavation etc.

1 The nexicriterion is the distance from mobile telephony antennas, . Like the criterion
about the distance from the road network, & 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. Alsocacding 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.

1 The sixth and last criterion ike distance from the archaeological sités, . 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 piotec
Construction of technical projects are avoided near monuments, due to visibility restrictions
from them.

The methodology followed factor standardization and constraint enforcement is depict€dbile
3-1

Table3-1 Criteria for wind turbine sitting

Criteria Standardization Constraints

0 Equation3-6 Wind speeds > 2 m/sec

0 Equation3-6 High altitudes meet high wind potentia
0 Equation3-7 Distance from their boundaries > G

0 Equation3-7 Distance < 10,000 m

0 Equation3-7 Distance > 200 m

0 Equation3-6 Distance > 500 m

The National Cadastre & Mapping Agency S.A. of Graegalpsthe digital elevation modefor the

study area, with a pixel size of 5x5 meters, a geometric accuracy RMSE ¥ H®dnn YSGiSN&EZ
absolute accuracy of approximately 3.92 meters for a 95% confidence Wiedl potential is

measured by CRESentre for Renewable Energy Sources and Sawuisigh an extensive program of

in situ measurements and mathematical nedsland the corresponding layer is obtained by Geodata
(GEODATA. Open Data Accessible to Every®ettlements are obtained by CORINE Land Cover 2018
(CORINE Land Cover 2018. Land Cover Dataset for Bp@éBYposing 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

I NODL { hytAySed w2l R ySig2N] Q f ¢éthap RatgSeofabeko G Ay SR
OpensStreetMap Data, 2019 he layer omobile telephony antennas is manually digitized according
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to data fromthe Antenna Construction Information Por{@ntenna Construction Information Portal,
2019)of the National Committeefolelecommunications & Postalkhelayer of archaeological sites

is also manually digitized based on Official Gazdtéficial Gazette 15, 1991; Official Gazette 25,
1993; Official Gazette 1031, 19%6)out the characterization of certain areas as archaeological sites.
Thedigital elevation modehnd consequently the layer of the altitude, are raster data, while the
layers of the remaining five criteria are vector layers with no spatial resolutioth Bster 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. THelSMCDM model for the wind tuiibe sitting is presented iRigure3-1.

Selection of criteria and constraints in
accordance with legislation

Collection and procession of geospatial

Assessment of buffer zones and

constraints

Standardization of criteria scores

Calculation of weight factors using AHP
method

Synthesis of criteria using WLC method

Maps with final scores (FS)

Sensitivity analysis and new maps with FS

Figure3-1 GISMCDM model for wind turbine sitting

First, the selection of the criteria and the corresponding constraints according to the legislation
frameworkis made All the data are collected and using ArcMap all the layers are entered, defining
the buffer zones for each criterion, where the instatiat of wind turbines is forbidden. For the
remaining area of the island, a final sco@;¥s estimated based the weigbf each criterion.
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Four methodsare used for the estimation of the weights:

1 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,

9 the rating wherethere is a predetermined scale for the estimation of the weights

1 the tradeoff method, wheredirect assessments between alternative pairs are made

1 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 géBtobne & Lisec, 2009The whole
technique is developed b{Baaty, 1977and it is known as AHP. The method usedtiier
combination of thedecision criteria and their weights into a final score is the Weighted Linear
Combination (WLC) producing a suitability map.

The final score" QY)Y which depicts the suitability index is estimated bguation2-1 (Malczewski,
1999)

"O°Y 0 @ Equation3-1

0 : weighting parameter

@1 value parameter

‘Othe selected scenario
"Othe selected criterion

¢: total number of the criteria

When constraints must be appligtthe "O™% multiplied with the product of these constraif{Saaty,
1977)and the new'O™¥ estimated byEquation3-2.

"OY 0 ®I W Equation3-2

@: the score of Boolean constraints

The optimal sites for wind turbine sitting are determined by the final score. Each weight is calculated
by AHP methodThe AHP assumes that the final decision dejseon available data as well as the
experience and knowledge of the decision maKére 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 invadg combining different factors like geomorphological, technical, and spatial
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criteria, and transforming geographic data into a resulting decidibe. relationship between input
and output maps is clearly defined through this procedufbe GIS organizesatd into distinct
thematic maps known as layers. This strategy aims to give decisa&ers the ability to select the
criteria hierarchy that best suits their particular area and priorities while also providing a flexible
decision framework for a varietyf scenarios.Both MCDM'sability to combine geographical data
and the preferences of the decision maker into a-@m@ensional 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 @entifying the general problem and
the individual objectiveThe current legislation framework in Geece guides the designers to the
selection of the criteriaThe various possible scenarios that reprgsthe various purposes of
decisionmakers are investigated. As can be seeable3-2, after collecting and analyzing the
geospatial data, the determination of aimposedconstraints and the standardization of the criteria
scores is followedAfter 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 avasatlme knowedge

and theexperienceof the decision makeare similarly importantThis approach has been used in a
number of studieqAli et al., 2018; ABhabeeb et al., 2016; Rehman & Khan, 20Ifg curent
approach is based on building a hierarchical model to solve the probléis. model allows for
pairwise comparisons based on a fundamental comparison scale develof@ddiy, 19773s shown

in Table3-2. The comparisons are based on how important the two factors in determining suitability
are in relation to oneanother. The abilityto capture both subjectiveand objective aspects of a
decision is the main feare of this methodMalczewski, 20067 heAHP method'sutput, are linearly
combined toarrive at the final score and select the best locations for the wind farms.

Table3-2 Scale and description of importance

Numerical value Importance

Equal
Weak importance of one over another
Essential or strong importance

1
3
5
7 Demonstrated importance
9 Absolute importance
2,

4,6,8 Intermediate values between the twadjacent judgments

The last step of AHP method is the estimation of the consistency tat) Thed "Ys estimated for
each scenario by comparing the consistency index of the mati@nd the consistency index of a
random matrix2 ) This relatioship is described bquation3-3. It specifies the likelihood that the
ratings in the matrix will be generated at random.
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oY — Equation3-3

Thed "Walues should be up to 10% guaranteeing the acceptance of the hierarchy and the calculated
weights, otherwise, the revaluation is needed. The analysis of the matrix should provide
information about where the inconsistencies occur.

Thed B estimatedby Equation3-4.
600 _ efe p Equation3-4
Where n indicates the total number of the criteria

The<naxis estimatedby Equation3-5.

B 0 ®
- EEEa— Equation3-5
0
The consistency index of a dom matrix Rl is provided ifiable3-3 and it depends on the number
of the criteria.

In order tocategorize 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 th&0™tan be comparable. There are many standardizati@thods(Voogd,

1983) however the simplest is the linear transformatigDrobne & Lisec, 200@nd it uses the
minimum and the maximum values of each criterion as a scaling medsurstandardized range,
“Y'Ybetween 0 and 1, the transformatiaa conducted byEquation3-6, if the optimum value is the
maximum value of the criterion and tgquation3-7 if the optimum valueis theminimumvalue of

the criterion

Table3-3 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

() 0w 06 Y'Y Equation3-6

"Ow "Ow
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W 06 06 Y'Y Equation3-7
P o6 o E

"Ow : minimum value of the factor
"Ow :maximum value of the factor

"Ow value of each raster cell

Finally, byEquation3-2and through Map Algebra Toolset of ArcMap, the final map is developed,
presenting the O™for each site of the island. Sites with the higher value©dfire more suitable for
wind farm sitting.Three scenarios are implemented for different hierarchyhaf selected criteria

and the hierarchy of each scenario is showitatle3-4 Scenarios and hierarchy of criteria for wind
turbine sitting

Table3-4 Scenarios and hierarchy of criteria for wind turbine sitting

Scenario 1 Scenario 2 Scenario 3
C1 0 0 0
C2 0 0 0
C3 0 0 0
c4 0 o o}
C5 0 o o
C6 0 0 0

The study considers three different scenarios, each focusing on different criteria that will result in the
best outcome for the wind farrproject, considering wind potential as a priority in all scenaridse
technical scenario ¢@nario J prioritizescriteria that will result on the best performance of the wind
turbine siting planning. These criteria avend potential and criteria relatdto settlements and roads

to ensure that power transmission via cables is not affected. Sdwond is thecultural scenario
(Xenario 2, whichgives a higher weight to the distance from archaeological sikamlly, h the
economicscenario (8enario3), the focus is on the lowest cost of the project, which results in the
avoidance of high altitudesyjthough the priority is still the high wingbtential, andpreference for
locations near road networks or existing telecommunications stafiomerder further projects, like

road excavation to be avoided.

Three additional suitability maps are generatedding a constraint on the proximity to thmaain
settlement of FournoKorseon which has the most residents and the highest energy demgms.
main settlement is inhabited by 1400 people compared to Aghios Minas with 3 inhabitants and
Thimena with 151 inhabitants. Considering the criteria ofdrstance 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 sensitiaityalysis is performed on the weights of the
criteria, specifically g and Gien 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
basel 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 theghithg and analytical method used to
calculate the Final Suitability (FS) scdiahle3-1 Criteria for wind turbine sittinglisplays the criteria

used in this analys, 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 turbiftes.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 intonaFS score that is used to create a suitability map. The
hierarchy of criteria for each scenario is displayediable3-4 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 betwe=o and one. The first class (Zone A) is the zero zone and
corresponds @ 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 wimbines according to the current
legislation. The remaining four classes (Zone B, &dE) 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 Technicabkcenario

Table3-5 displays the results of the pairwise comparison for the first scenario, with corresponding
weights and consistency ratio (CR) of 0.688ich 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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Table3-5 Weights and pairwise comparison for Scenario 1

Scenario 1
0 0 0 o o Weights

0 1 3 5 5 9 9 0.444
0 1/3 1 3 3 7 7 0.235
0 1/5 1/3 1 3 5 5 0.144
0 1/5 1/3 1/3 1 5 5 0.106
0 1/9 1/7 1/5 1/5 1 3 0.043
0 1/9 1/7 1/5 1/5 1/3 1 0.028

The suitability site map for S1 is illustratedmigure3-2, 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 otheones- B, C, D, and£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 zonethdlaition is zone E,
which covers 1.7% of the island's area and has a maximum FS value of approximately 0.91.

0 1 2 3 4
I B Kilometers

S1

[ 1Zone A

B Zone B

[Zone C

I Zone D
Zone E

Figure3-2 Suitability map for &nario 1
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3.2.2 Culturalscenario

The weights and the pairwise cgarison for the second scenario are displayed atde 3-6. The

corresponding CR is estimated about 0.066. This cutufahted 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 decisiemaking process.
Talle 3-6 Weights and pairwise comparison for Scenario 2

Scenario 2
0 0 0 o} 0 o} Weights

0 1 3 9 5 9 3 0.410
0 1/3 1 7 5 9 3 0.274
0 1/9 1/7 1 1/3 3 1/5 0.043
0 1/5 1/5 3 1 5 1/3 0.086
0 1/9 1/9 1/3 1/5 1 1/7 0.025
0 1/3 1/3 5 3 7 1 0.162

The suitability site map for theecondscenario is presented iRigure3-3, 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 islandr@a, 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 cultesdtictions have a negative

impact on the FS for this island.

A

N

0 1 2 3 4
I W Kilometers

S2

[ 1Zone A
[ Zone B
[ZoneC
B Zone D
[ 1Zone E

Figure3-3 Suitability map for &nario 2
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3.2.3 Economicscenario

The weights fothe third scenaripbased on pairwise comparison, are giveiiable3-7, and the CR

is less than 0.and equal to 0.081This scenaritgs more focused on economics and aims to minimize
the project's cost. Wind potential is stilhe priority; however, high-altitude areas are avoidak
focusing on the reduction of the initial cost of the installatiokdditionally,to avoid additional
infrastructure projecthat may be needed wheimstallinga wind farm, such as road excavatjohe
preferred locations are those that are close to existing telecommunications stations or the road
network. The factor with the lowest weight is the distance fréine archaeological sites.

Table3-7 Weights and pairwise comparison for Scenario 3

Scenario 3
0 0 0 o o 0 Weights

0 1 7 5 3 7 9 0.442
0 1/7 1 1/5 1/7 1/3 3 0.046
0 1/5 5 1 1/3 3 7 0.146
0 1/3 7 3 1 9 0.260
o} 1/7 3 1/3 1/5 1 5 0.081
o} 1/9 1/3 1/7 1/9 1/5 1 0.025

N 4
~ %
" » s3
§ [1Zone A
8 Zone B
¢ [1Zone C
01 2 3 a4 i B Zone D
INE W Kilometers [ 1ZoneE

Figure3-4 Suitability map for &nario 3

The suitability site map d@his scenarias shown irFigure3-4. Zone Bis covering only 0.2%, zone<
covering 13.8%, zone iBcovering 54.1%, and zoneidcovering 4%of the total island areaThe
highest value of FS is 0.93, which is higher thanctrresponding values e first and the second
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scenarios S3 has the highest percentage of zone D compar&1Ltand S2vhichhave their highest
values in zone (Furthermore, this scenaribas the highest percentage of zones D and E, which
occupy nedy 60% of the islandThis 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 addital suitability maps, considering the constraifithe 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 disfesroghe 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 preljiexamined scenarios and covers 27.9% of

the total island area. However, the additidnsuitability 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 showigure3-5 (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 0.744which 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 diviiedédeen 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.

N 3 ) N / N
01234 01234 01234
wrmm—mm Kilometers wrmm—mm Kilometers wrmm—mm Kilometers

Zone A Zone B Zone C Zone D

BNl .
(a) (b) (©

Figure3-5 Suitability mapconcerning theproximity tothe main settlement (ascenario 1(b) Scenario 2and
(c)Scenario 3
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3.2.5 Sensitivity analysis for wind turbine sitting

In this research work, the factorsiita and Grch for the first scenario are selectei conducta
sensitivity analysis. The former is considered the most significant criterion for the installation of the
wind farms, while the latter has the least weiglite sensitivity analysis aims to assess the impact of

a change in these two criteria, the most and the least important on the restitjare3-6 (a), (b), (c)

and () represents the suitability maps of the first scenario, by chan@ingby -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.&imilarly, 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 weightGfq, may lead to a decrease in the number of
positions inZone D and a corresponding increase in Zone E. This is to be expected because locations
with higher wind potential are more suitabfer wind turbine sitting For each chang@ Giing, the
maximum value of FS is between 0.90 and 0.92.

_,\z_l{‘ a3
“

b

AP

01234 01234
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@ (b)
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gl 234 : 01234
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© (d)

Zone A ZoneB ZoneC Zone D Zone E

N .

Figure3-6 Suitability mapof Scenario based on sensitivity analysis afife(a)-10% (b)-5%,(c) +5%, (d) +10%
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The suitability maps dhe first scenaridor changing &en by -10%,-5%, +5%, and +10% are depicted

in Figure3-7 (a), (b), (c), and (dyespectivelyZone D ranges from 27.09% for a 10% decrease of the
Garch Weight to 26.64%or a 10% increase, with the initial area being 26.87%. Similarly, Zone E ranges
from 1.72% for a 10% reduction of tii&.» weight to 1.64% for a 10% increaséth the initial area

being 1.68%. The maximum FS value is about 0.91 for all changesrinBEcause the island's
monuments are dispersed throughout the region, giving more importance to the distance from them
leads to a decrease in the optimal locatioAs.a resultit isevident that increasing the weight o€
reduces theoptimal locationdn both Zone D and E.
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Figure3-7 Suitability mapof Scenario based on sensitivity analysis af&(a)-10% (b)-5%,(c)+5%, (d) +10%
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4 Energy Managemeil@trategieand Economic and Environmental
Analysis

4.1 Modelling of resource component

In this study, evaluation and comparison of the results of different scenaribR&®oupling with
different RES and different storage technologies are preseritethe different scenarios of HRESs
one or more RES ao®upledwhile, depending on the exained scenariosingle or hybrid storage is
integratedfor the excess energyBelowthe 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 witndbine 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. Bersiou & Baltas, 2022agcording toEquationd-1.

. EdO O OEAT o m
EGE 60 6 OEAT o AAAT CDAFEEXAE 10 ARIABERR x A O« _—
‘ EGE 060 O OEAT o © Equationa-1
EdO O 0 OEAT o

foo o the power output is equal to zera (m/sec)indicates thewind speed at
which thewind turbinestarts tooperate and produce power (kW) according to the wind speed
and the power curveRated speedd (m/sec)indicates the wid speedwhere thewind turbine
starts toproduce the maximum powebd (kW), until an upper limit of (m/sec), up to

which the wind turbine stops its operatidior safety reasons, In orddo protect against possible
damage due tavery high winds speeds.

Enercon E4's 900 Kw power curve is employed in this stlelgure4-1 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 onwiired speed at the hub height
(ENERCON Product Overview, 20ZRe nominal power B of the wind turbine and the wind
speedd determine its outputd . For this modeb is equal to 2 m/se® is equal tol7
m/secand 6 is equal to 3 m/sec For¢ v 6 ¢ the power output isequal to zeroFor

p X 0 ¢ uhe power output has its maximum value equal300 kW and fox 6 p xhe

power output is calculated according to the poweurrve. Equation4-2 provides the % degree
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polynomial trendline with an 8quared value greater than 0.99 that was derived by the power curve
for estimating power productio (y) based on wind speed (x).
W TP Yo TOIOYX pE@ X PpCORP T oHW L OB C Equation4-2

1000
800

F,,, = according tg/the wind
speed and the g@wer curve

Power P (kW)

0 5 10 15 20 25

Wind speed v at hub height (m/sec)

Figure4-1 The power curve of EnercondB0 windturbine.

The data for the operation of the WTs used in this study are showalite4-1.

Table4-1 Data for WT operation

Parameter Value
Cutin speed 6 [m/s] 3
Rated speedd [m/s] 17
Cutout speed,0 [m/s] 25
Hub height [m] 50

Data of wind speed) , are obtained at the altitude at which the weather station is installéd,To
obtain the wind speed) , at the hub height of the wind turbinéQ , Equation4-3 is used(Van
Sark et al., 2019Wwhere’Q isthe roughness length parameter and it depends on the ground surface

of the installed wind turbines.

& el
0 0 O# Equation4-3
den—

According to(M. M. Bertsiou et al., 2021}he 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 Chaptae
approach followedand 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 elecpioitiuction, their
silent mode operatiorand the fact that they can gradually implemented to an RES systism,.they
produce zero C£emissions, they require minimum maintenance cost, they have a long lifetime and
their installation is more aesthetic agptable compared to other RES and especially to WTSs.

A PV directly produces energy from solar irradiandee output of a PV in direct currefibC)is
estimated according t&quatiord-4 (Lin et al., 2020)

- - 0o . . .
0 0 U ) DY DY DY YO Equation4-4

0 :the peak capacity of the PV &andard Test Conditions(STC) (W/®)
"O 0 : the solar irradiance on the tilted plane (W#n

0 'Y : efficiency of the PV (%)

0 'Y : efficiency of the inverter (%)

0 'Y : efficiency of the grid connection (%)

0 'Y O : efficiency of the PV cell (%)

In the industrythey use STC standards in order to test the efficiency of the PVs under common
conditions of of solar energy exploitation. STC index refers to 100¢ ¥dlar irradiance™@ ), 25°
C cell temperature'l; ) andmass of the air equal to 1.5

The efficiency of the PV céll'Y ¢ isbased on the difference between the cell temperatu?g, 0
(°C) and the temperature at STY}; (°C) This efficiency is estimated for each time step according
to Equation4-5 (Mavromatakis et al., 2010)

O0Yd p OVY0 Y Equation4-5
[ : the maximum thermal coefficient of powéf °C)
The cell temperaturéY 0 isestimatedby Equation4-6 (Bouabdallah et al., 2015)

e 00 .
YO Y O 000 YY QO— Equation4-6

“Y 0 :the ambienttemperature ¢C)
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0 0 6:the Normal Operating Cell Temperatuf€)

“Y  :the temperature in NOCdqual to 20°C

"O :the solar irradiance in NO@gual to 800 W/

Also, in NOCT the wind speed is considered equal to 1 m/sec.

Tabled-2 shows thedataused in this studfor the PV operationit is assumed thaivin-shift tracking
stents are coupled with theseriesparallel connected PMselping to the rotation of the PVs and
ensuring theperpendicular incidence of the solar irradiance. By this way, the utilization of the
maximum solar energy is achievfid & Qiu, 2016)The conversion of directurrent, poduced 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 valtahe Maximum
Power Point (MMP), accordirig the voltage current arve(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)o surmount this antb consistently maximize the PVs' output in accordance
with the temperature and thesolar irradiation it is assumed that PVs are connected to the inverter
through the Maximum Power Point Tracking control (MPBER@rami et al., 2017)This means that

the produced power outpubf the PVs is supposed to be ateey time step equal to the maximum
power (Notton et al., 201Q)

Table4-2 Data for PV operation

Parameter Value

Nominal operating cell Temperature (NOCTQ)][ 45

Solar irradiance (STC) [Wim 1000
Cell temperature (STC(] 25
CKSNXYIf O2STFTAQOASYG 2 0.004
PVefficiency [%] 88.5
Inverter efficiency [%0] 97
Grid connection efficiency [Po 99

4.1.3 Pumped hydro storage (PHS)

The pumped hydro storage system uses sueplusenergyfrom the WTs and/or P\s for pumping
seawater to a reservoir in a high altitude, through the pumping staffdn@ volumeof the pumped
water, @ (in m®), is given byEquation4-7 (Siméo & Ramos, 2020)

0 20Y Equationd.7
—_— n_
“ 3000 quatio

" water density (kg/m)
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"Qgravity acceleratiofm/sec)

"Q the net headm)

0 'Y: efficiency of the pump station (%)
‘O energy surplugkwh)

When more energy is required thahe produced from the WTs and/or the PVs, then the hydro
turbine operates producing enerdpyy releasingvater from the uppereservoir to a reservoiat the
height of the turbineThe produced hydro energ® (in kWh),is estimated byEquation4-8 (Siméo

& Ramos, 2020)

(0] " 0Q00am Y Equation4-8
 : released water from the upper reservoir to the hydro turbin€)m
0 'Y: efficiency of thehydro turbine(%)

Restrictions to the upper and lower limit of the upper reservoir are applied accordiaguation4-9
and Equation4-10. It is assumed that the lower limit cannot be less than 10% of the total capacity
due to safety reasons.

Y Y Y Equation4-9
Y w ™ OYw Equation4-10
Y@ : minimum storage capacity of the upperservoir ()
Y@ :minimum storage capacity of the upper reservoifm
Y @ : capacity of the upper reservoir according to the days of autononiy (m

ThePHS system consisi§an upper reservoir, a pumpirggationand ahydro turbine Thetechnical
characteristics showaof the PHS operation in shovimTable4-3.

Table4-3 Data for PHS operation

Parameter Value
Net head [m] 192
Days of autonomy 2
Pumping station efficiency [%] 78
Hydro turbine efficiencyo] 90

The hydroelectric plant works by pumping water from one reservoir at sea level to another at a higher
height when thedemand for electricity is low. Water from the upper reservoir is released when
demand for electricity is higher, and as it flows toware tbwer 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 producedThe second reservoir's altitude and the amount of water that is
available both affect how much energy is produced. The stoneder volume in the higher reservoir
from the previous time step is increased by the water volume thatored there in the next time
step. The benefit of this operation is the potential to store surgnergy 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 highealtitudes 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 andirrigation demands. Also, the desalination unit is necessarth@nscenarios where
energy is stored through the production of hydrogen. In these cases, the generation of green
hydrogenpresupposs the electrolysis of pure desalinated watdinergy consumption for reverse
osmosis (RO) desalinatioanges between 3.7 ah8 kWh/n? (AFKaraghouli & Kazmerski, 2013;
Fornarelli et al., 2018; D. Xu et al., 20a8) in this study is assumed equal to 5k8Bh/m?®.

4.1.5 Battery (BT)
The storage capacity of the battery  (in kWh) is estimated b¥quation4-11 (Ethouari et al.,
2021)

0 M

= = E tiond4-11
0Y Y 000 quation

&

0 : average daily consumption (kWh/day)

'Q : number of autonomy days

0 'Y :efficiency of the battery (%)

0 'Y : efficiency of the inverter (%)

‘00 Qdepth of discharge of the battery (%)

The storageapacity of the batteryd  (in Ah) is estimated bfquation4-12

0 T T
0 L Equation4-12
W
@ :nominal voltage of the battery (V)
The technical characteristics of the battery used in this study are givEsbie4-4.

Whenthere is surplus energy and thattery is charging hte state of charge (SOC) at each time step
is estimated according tBquationd-13.
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YO® YO pOp , O DY Equation4-13
"YU @ : state of charge at time t (kWh)
"YO @ p : state of charge at time-1 (kWh)
. . Seltdischarge rate (%)

When there is energy deficit and thmattery is discharginght state of charge (SOC) at each time
step is estimated according équation4-14.

YO® YO® pOp ., O DY Equation4-14

Restrictions to the minimum and the maximum state of charge of the battery are applied according
to Equation4-15 and Equatior4-16

YO 6 0 YO O Equation4-15
YO O p 00 0 Equation4-16
"YO 0 :minimum state of charge of the battery (kwh)
"YO 0 :maximum state of charge of the battery (kWh)
The technical characteristics of thattery in this study are given ifable4-4.

Table4-4 Data for batterystorage

Parameter Value
Battery efficiency%] 82
Inverter efficiency{%] 82
Days of autonomy 2
Depth of discharge, DOD [%] 80
Selfdischarge, [%] 2

4.1.6 Hydrogen exploitation(FG

Hydrogen can be produced by th&ectrolyzer which converts the excessergy into hydrogenThis
is performed through theslectrolysis ofvater. The production ofl kg of hydrogemequires9 kg of
desalinated wate(Hausmann et al., 2021; Rievaj et al., 2019)standard conditions the heating
value ofthe hydrogen igqual to 3.4 KWh/n?, its density is 0.09 kg/frand finally, 1 kg of hydrogen
produces 37.8 kWh/gr(Abdelshafy et al., 2018)Vhen there is surplus energy, it is usedhgdrogen
production by the electrolyzer® (in kg),which is estimated b¥quation4-17 (Abdelshafy et al.,
2018)

® O 20YTom Equation4-17
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0 'Y: efficiency of the electrolyzer

When there is energy deficit the fuel cell converts the stored hydrogen into energy. 1 kg of hydrogen

can produce energyO (in kwh),estimated byEquation4-18 (Abdelshafy et al., 2018)
0O 020 Oo®W
. Equation4-18
0 'Y : efficiency of the fuel cell

Fuel cells are categorized based on the electrolyte they use and the temperature at which they
operate (MartinezHuerta & Lazaro, 2017pue to its maturity, quick reaction to varying loads, and
short startup time, the proton exchange membrane fuel EIEMFC) is anticipated to be the fuel
cell type chosen for this stud{Dawood et al., 2020; Robinius et al., 2018)

Restrictions to the upper and lower limit of thedrogen tankare applied according tBquatiord-19
and Equation4-20.

YO U 0 YOO O "0 0 Equation4-19
YOOUO T OYOoUU Equation4-20
“YO 0 0 :minimum storage capacity of the hydrogen ta(kig)
“YO 0 0 :maximum storage capacity of the hydrogen tank (kg)
“YO 0 U: total capacity of the hydrogen tank (kg)

The technical characteristics of tleéectrolyzer and the fuel calised in this study are given Trable
4-5.

Table4-5 Data for hydrogemroduction

Parameter Value
Electrolyzer efficiency [%] 90
Fuel cell efficiency [%0] 50

4.2 Configurationsand Energy Management Strategies

In thissection the configurationsthat will be examinedbased on the combination dhe RE&nd

the storage methods that have been analyzed in the preveeddion, are presented. A storage
system is coupgl in all configurations, as the stochastic nature of the RES (wind and solar) potential
prevens the simultaneoussatisfactionof demand in correspondence with renewable energy
production.Based on theonfigurationexamined, a PH& BTandan HTare used for the storage of

excess energyAlso,two configurations withhybrid storage technologies amvaluated,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 desalinationituis coupled for the satisfaction of drinking and
irrigation water supply.

According to(Kaldellis et al., 200,1}he nominal capacity of thimstalled WTs$s selected basedn

the meteorological data as well as the island's dem#ordenergy and desalatedwater. The sizing

of the storage systemsupper reservoir batteries, hydrogen tankjs based on the number of
autonomy daysor the HRES. This number is the days that the storage system of the HRES provides
the required energy for the demands of ti@and even if the wind and solar potential are low and

no energy can be produced by the WTs and the EXergy storage systems typically consider two
days of autonomyBhandari et al., 2015ls0, itisassumed thast the start of the simulationthe

upper reservoiis half fullandthe batteries andhe hydrogen tankareup totheir minimumlevel. By

using the extra energy generated by WTs and PVs, seawater is pumped into the higher reservoir. It
must be noted that this reservoitoes not supplyte island's desalination plant. The latter is supplied
with seawaterand adds fresh water to the desalination reservéin 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 appltesdetermining the hydro turbine's rated power. It must be
ensured that in the case of low wind potential, it can handle the maximum [®dkad. pumping
system's estimated nominal power is calculated ugidgldellis et al., 2001)A reaction turbine,
specifically a Francis model, is the turbine that is proposed to be employed in this(Brrdgira &
Camacho, 2017For the sizing of the fuel cell and th&ectrolyzer, 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¥epending on the configuration under examination, and the se@amdconvert

any surpluenergy into hydrogen at eadime step. Load denand that is not covered by th&/Ts

the PVsthe 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 stafiocontrol the response of the
HRESnd its reliability in coveringthe required demandor electricity and drinking and irrigation
water supply the simulations are performed with hourly data inputsTable4-6, the configurations

that are examined in this study are presented.

Table4-6 Configuration®f RES systenexamined

Configuration 1

WT P P
PV

DU P
PHS P P
BT P
FC P P

T U T | w
T TV T &

T TV T|] w,

T U U U U] o
T T T T| N
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In the first configurationWT/PH$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 fulfill@the second configuratiofWwT/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 demanth the third configuration(WT/PV/DJ/PHS, PVs are added,
compared to the previous configuration, in order to examine the reliability of the systid¥a ifse of

RESs not limited tothe utilization of wind potential bualsosolar potential at the same time. In
Configuration 4 (WT/PVADBT). the storage technology the storage method involves the use of
batteries, instead of the PHS system of Configuration 3. In the @fthguration (WT/PV/D/ FQ, the

battery has been replad with a hydrogen production and utilization systelm.configuration 6
(WT/PV/DJ/HPBSAH hybrid pumped battery storage system, consisting of a PHS and a battery storage
system is used as a storage technology antheseventh configuration (WT/PVIDHPHS)the

hybrid storage system consists of a PHS and a hydrogen storage slstedetailed presentation of

the seven configurations, as well as the energy management strategies of each one, are presented in
the following sectionsThe three RES (wind, spland 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 meting social needs like electricity and water.
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Figure4-2 Basic energy management strategy for single storage HRES

The first five configurations of the HRESs are considerbdvesimple storage, i.e. drgjle storage

unit for the excess energy. The storage strategy followed is shoWwigime4-2. The step is hourly

to guarantee the highest possibieliability of the resultsand 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 la@duaccording 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) feach 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 n@eds. the check foeach of the three
demands is made, it is then checked if there is excess emergyf 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 yethen 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 casehere is no excess energy, , but thereisstill 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 etigt met and unmet demands for one hour are estimated
again.

In the last two configuratios, there is hybrid storage, i.e. a combination of two different storage
methods. The storage strategy followed is showrFigure4-3. 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 differentilitite control of excess energy . After this step

the way of controlling and utilizing the excess energy differs.

Asit is shown in the flowchartf 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 th@st storage unit is calculatedf
not or if there is still excess energit, is checked if there is available storage space inséwond
storage unitlIf yes then the new state of charge of tteecondstorage unit is calculatedf no, or if
there is still excess energy after the charging of the second storage unit until its maximum state of
charge levelthen unfortunately the excess energy is rejectéd both storage units, it ialways
checkedhat the maximum state of charge level is not exceeadten they are in charging mode.
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Figure4-3 Basic energy management strategy for hybrid storage HRES

If there isno excess energlut thereis still demand that has not been fulfilled, it is checked if there
is available stored energy in thigst storage unit. If there is available stored energy then the new
state of charge is calculatetf no, or if there is still unmet demani,is checkedf there is available
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stored energy in thesecondstorage unit.lf there is available stored energy then the new state of
charge is calculatednd, in any case, it is checked if there is still unmet demand and both met and
unmet demand is estimated for elastep.

4.2.1 WT/PHS

In the first configurationthe HRES combines wind energy and hydro energy fromPtdSchematic
representationof the HRES and thastalled capacity of all components appearFHgure 4-4 and
Table4-7 respectively This configuration is tested to meet exclusively the electricity denmmthe
island and all the generated energy is usedy for the electricity needs, without giving energy for
the desalination of seawatdp fulfill domestic or irrigation water.

7"\
L
Electricity
load
il
LPS

Figure4-4 Schematic representation &¥T/PHS

In this configuration, PHS is used as a storage syatehisconsidered to be chamggand discharing
according to the procedure describdmlow. The energy margement for the estimation of the
reliability of the system to covehe electrical demands of the island is presente&igured-5. Energy
from the wind turbines is given for electrical needs, while if there is excess emergyt, isused for
pumping seawater and storing it in the upper resenifdinere is available storage spacethié upper
reservoir is full there ianenergy dump, otherwisgthe reservoir is charging, accordingEguation
4-7. The volume of water that could be stored in the upper reservoir, accordiny todepend on
its capacityY @ , and on the water thats stored in the previous time steft b 1). If there isan
energy deficit, then thetored wateris converted to energy by the hydro turbine, andsteady for
use when the energy produced lilye WTsis not sufficient to cover theslectricaldemands of the
island.The reservoir is discharging, accordingEiguation4-8. At any time, the upper reservoir is
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subject to restrictions regarding the upper and lower limit, accordingdqaation4-9 and Equation
4-10. When both wind and hydro energy cannot cover the demand, thé&ddves the deficit.

Table4-7 Specification data of the installed components of WT/PHS

Component Installed Capacity
WT [MW] 3.6

Upper reservoifm?] 61,343
Pumps MW] 2.6

Hydro turbing[MW] 1.0

| Calculate Pyr & Psr ‘

Yes Yes [ pHs charge
— <
@ RVprs(t = 1) + Per(®) < RVpys— "1 %%
No [
No
v
PHS charge
PHS discharge B €s RVpys(t — 1) — Py > RV Eq. (3-7)
Eq. (3'8) Yes
Calculate met |No
v .RVPHS(Q < RVpps>
demands PHS discharge | ‘
- |
Calculate unmet Eq. (3-8) l No
demands i Yes Calculate Calculate met

T energy dump demands
Calculate met No _
demands R >

Figure4-5 Energy management faNT/PHS

4.2.2 WT/DU/IPHS

The second configuration differs from the first only in the addition of a desalination system in order
to desalinate seawater to meet thdomesticand irrigationwater 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 imppigare

4-6 and Table4-8 respectively This configuration is tested to meet electricétyd waterdemandon

the island The energy management strategy is the same as the energy management of configuration
1, howeverin this cas® is calculatedconcerningboth electrical and water needs
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Figure4-6 Schematic representation of WTUZPHS

Priority at each step is given to domestic watkris determined if the wind energy generated is
adequate to supply the energequirements for desalinating the required volume of dotiewater

for the corresponding time step. The remaining energy related to the desalination of irrigation water
is determinedn a similar way, and finally the same procedure is appliethielectric loadIn this
configuration, also PHS is used asaaegie systemEnergy from the wind turbines is calculated and
is given for domestic water, irrigation water and electrical needs, wHilthere is extra energy
left after satisfying the three demangds , itisused for pumping seawater and storitigni the upper
reservoirif there is available storage spacetHé upper reservoir is full there ian energy dump,
otherwisg the reservoir is charging, according Eguation4-7. The volume of water that could be
stored in the upper reservoir, accordingtio , dependgon its capacityy @ , and on the water that

is stored in the previous time steft t 1). If there isan energy deficit, then thestored wateris
converted to energy by the hydro turbine, andsteady for use when the energy produced thg
WTsis not sufficient to cover thewater and electricity demandsf the island.The reservoir is
discharging, according tBquation4-8. At any time, the upper reservoir is subject to restrictions
regarding the upper and lower limit, accordingEquation4-9 and Equation4-10. When both wind
and hydro energy cannot cover themand, then LB covesthe deficit.

Table4-8 Specification data of the installed components of WI/IPHS

Component Installed Capacity
WT [MW] 3.6

Upper reservoir [rf 75,243
Pumps [kW] 2.6
Hydroturbine [MW] 1.2
Desalination unifm®/day) 1,230
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4.2.3 WT/PV/IDJIPHS
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Figure4-7 Schematic representation & T/PV/DJ/PHS

In this configurationHRES combines wind energy frat8 MW of installed wnd turbinesand 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 sysféne schematic representation of the HRES and the installed
capacity of all components apprin Figure4-7 andTable4-9 respectively This configuration is tested

to meet electricityand waterdemands on theisland The energy management strategy is the same

as the energy management of configuratiorh@wever in this case renewable energy is provided by
both wind turbines and solar panelBhe energy management for the estimation of the reliability of

the system to covetthe electrical demands of the island is presentedrigure4-8. 0 is calculated
concerningboth electrical and water needs

Table4-9 Specification data of the installed componewfsVWT/PV/DJ/PHS

Component Installed Capacity
WT [MW] 1.8

PV [MW] 2.0

Upper reservoifm?] 75,243
PumpskW] 2.6

Hydro turbine[MW] 1.2
Desalination unifm®/day] 1,30
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Figure4-8 Energy management faWT/PV/DJ/PHS

Priority at each step is given to domestic watlris determined if the windand solarenergy
generated is adequate to supply the energguirements for desalinating the required volume of
domesticwater for the corresponding time step. The remaining energy related to the desalination of
irrigation water is determineéh a similar way, anfinally the same procedure is applied the
electric loadIf there is extra energy lefifter satisfying the three demands |, it isused for pumping
seawater and storing it in the upper reservibithere is available storage spacethk upper reservoir

is full there isan energy dump, otherwisghe reservoir is charging, accordingEguation4-7. The
volume of water that could be stored in the uppeservoir, according td , dependson its capacity
Yw , and on the water thats stored in the previous time stefp b 1). If there isanenergy deficit,
then the stored wateris converted to energy by the hydro turbine, andstready foruse when the
energy produced bthe WTsand PVss not sufficient to cover thavater and electricity demandsf

the island.The reservoir is discharging, accordingBguation4-8. 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 turbingccordingo Equationd-9 and Equation4-10. When

both wind and hydro energy cannot cover thiemand, then LB covesthe deficit.

4.2.4 WT/PV/DJIBT

Thisconfigurationdiffers from the previous one only in the storatgchnology Excess energy is
storedin batteries Renewable energglso is provided by WTs and PVs trate is also a desalination
unit to cover water needs. Heralsq priority is given tmlomesticwater, then to irrigation water and
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then tothe electrical loadThe schematic representation of the HRES and the installed capacity of all
components appean Figure4-9 and Table4-10respectivelyThe sizingof the batteriesisalsobased
on two days of autonomy and batteries are calculated equ&a@20 kWh.

Electricity
load

__>Dg,_% &
0 A H %

Desalination LPS Drinking and
plant irrigation supply

Figure4-9 Schematic representation of WT/PMABT

The energy management of this configuration is presenteBigure4-10. If0  energy is greater
than zero , then the extra energy is stored in thatteries. It is checked the battery bank has the
required capacity and then, it is charged. The new state of charge is calculated actoipgtion
4-13. If there isan energy deficit§ <0) and the battery bank has the required capacity, then the
battery bank is discharged and the new state of chargalisulated according t&quation4-14. At
any time, the state of charge of the battery is subject to the constrainEjaatiord-15andEquation
4-16, concerningYl 6 and"Y0 6

Table4-10 Specification data of the installed componeofsVT/PV/DJ/BT

Component Installed Capacity
WT [MW] 1.8

PV [MW] 2.0

Battery storage capacifkWh| 60,000
Desalination unifm®/day] 1,320
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Figure4-10 Energy management faNT/PV/DJ/IBT

4.25 WT/PV/IDJFC

This scenario differs from the previous two in storagechnology Excess energy is storeid a
hydrogen tankRenewable energwlso is provided by WTs and PVs #mete is also a desalination
unit to cover water needs. Heralsqg priority is given talomesticwater, then to irrigation water and

then tothe electrical loadThe schematic representation of the HRES and the installed capacity of all
components appean Figure4-11andTabled-11respectively Thesizingof the hydrogen tanksalso
basedon two days of autonomy and is calculated equal 186D kg.

E Electricity
! load

> Dz]} Q

6 .5 O A ¥
--->
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Desalination A Drinking and
plant : : ! s irrigation supply
> ==H2 vt
Hydrogen
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Figure4-11 Schematic representatioof WT/PV/DJ/FC
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Table4-11 Specification data of the installed componewofsNT/PV/DJ/FC

Component Installed Capacity
WT [MW] 1.8

PV [MW] 2.0
ElectrolyzefMW] 2.8

Fuel cel[MW] 1.9
Hydrogen tank [kg] 1,876
Desalination unifm®/day] 1,200

The energy management of this configuration is presenteBigure4-12. If0  energy is greater
than zero , then the extra energyused by theelectrolyzeno convert it to hydrogen. Energy is also
required for the desalination of theecessary amount of water that is needed for hydrogen
production. The amount of produced hydrogen, in kg;akulated according tdEquation4-17. In

the case ofan energy deficit, the stored hydrogen is converted into energy through the fuel cell,
according td&equatiord-18. The hydrogen tank is subject to storage restrictions accordibgjtation
4-19 and Equation4-20, concerningYo 0 0 and”Yo 0 0
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Yes Yes ;
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No
No
v
FC operation
i Yes i
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Calculate met |No
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i, \
Calculate unmet Eq. (3-18) \'No
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energy dump demands
Calculate met _No ]
demands

Figure4-12 Energy management faWT/PV/DJ/FC

4.2.6 WT/PV/DJ/HPBS

In this configurationhybrid storage technology, including PHS and batteries, is instdllesl RES
comes fromWTsand P\é and the coverage priorities apply as in the previous scenarinsthis
configuration, it is considered that each storage technology has ldemensioned for one day of
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autonomy so that a total of two days of autonomy can be covelfetthere is an excess of energyi, it

is initially stored in thd®HS If, however, there is an amount that cannot be stored in the tank or if
there is excess enerdlat 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 iRigure4-13 and Table 4-12 respectively. The sizing of the upper

reservoir andthe battery capacitys basedn orne day of autonomy each and is calculateskqual
to 37,246 m and 29,700 kWhrespectively.
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Desalination
plant

BT

{0

Electricity
load

= &
,—ﬁ,‘ | p—
il O ¢

LPS Drinking and
irrigation supply

Figure4-13 Schematic representation of WT/PMUIHPBS

The energy management of this configuration is presentedirergy from WTs and PVs is used for
the fulfillment of domestic water. It is checked whether the produced wind and solar ermeggy
sufficient to meet the electrical needs for the desalination of the required quantity of domestic water
for the corresponihg step. This procedure is followed for the remaining energy concerning the
fulfillment of irrigation water and at last for the fulfilment of electrical load. The surplus energy is
calculated. This energy is firstly used for pumping water to the upp@rveir according t&quation

4-7. If the upper reservoir is full or if there is remaining enettgt is not sufficient for the operation

of the pumps, is stored in batteries. This unexploited energy that is sent to therteatis estimated
according to the methodologyy Bertsiou and Baltg2022b)and it is presented in sectidh For the
storage of excess energy batteries,it is checked the battery bank has the required capacity and
then, it is charged. The new state of charge is calculated accamliBguation4-13. If there isan
energy deficit and the battery bank has the required capacity, then the battery bank is discharged
and the new state of chargedalculated according tBquationd-14. At any time, the state of charge

of the battery is subject to the constraints Bfjuation4-15 and Equation4-16, concerningYU0 0
and"Y0 6 .Load demand that is not covered by theénd turbines, the hydro turbine, nor the
batteries is covered by the grid, meaning the startup of the LPS.
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Table4-12 Specification data of the installed componewfsNT/PV/DJ/HPBS

Component Installed Capacity
WT [MW] 1.8

PV [MW] 2.0

Upper reservoifm?] 37621
PumpskW] 1.25

Hydro turbine[MW] 0.85
Battery storage capacifkWh| 30,000
Desalination unifm3/day] 1,300
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Figure4-14 Energy management faNT/PV/DJ/HPBS
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4.2.7 WT/PV/IDJ/HPHS

In this configurationthe hybrid storage consists of PHS amdydrogen storage systenilhe
schematic representation of the HRES and the installed capacity of all contpanempresentedn
Figure4-15and

Table4-13 respectively.Thesizingof the upper reservoir and hydrogen tan&basedin one day of
autonomy each and is calculated equal to 37,24@Gnd 1,860 kg respectively.

The energy management of this configuration is presentdeigare4-16. Energy from WTs and PVs

is used for the fulfillment of domestic water. It is checked whethiee produced wind and solar
energyare 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 irgation 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 toEquation 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 reserigitull 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 methodbjogy
Bertsiou and Béds(2022b)and it is presented isection®é.

WT PV === 7\
: L
i Electricity
! load

----- /\ >3% &

s 5 B a U

S Electrolyzer Fuel cell

Desalination . A LPS Drinking and
plant : ' ! irrigation supply
.y = "
Hydrogen
tank

Figure4-15 Schematic representatioof WT/PV/DJ/HPHS
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Table4-13 Specification data of the installed componefsVT/PV/DJ/HPHS

Component Installed Capacity
WT [MW] 1.8

PV [MW] 2.0

Upper reservoifm?] 37,621
PumpgkWw] 1.25

Hydro turbing[MW] 0.85
ElectrolyzerfAW] 26

Fuel cell MW] 1.9
Hydrogen tank [kg] 938
Desalination unit [rfiday] 1,300

Calculate Pyr, Ppy & Psy

" TANKy, (£ — 1) + Pep(6) N0

T Yes No
= <RVpys(t — 1) + Psp(t) < RVpys= 5+

) < TANKy, _—
No S~ h S s -
P | Yes ~
/,.,,- --\_‘\ _/_./-"‘:‘—-\,_ N PHS charge ‘ | Yes
T . Eq. (3-7
4N9<,,.‘ TANKy, (t — 1”?”!— Por No b= 1) — P > RV q.(3-7) FC operation
~ = TANKG, T =T s Eq. (3-17)
'\.__\\ ///. -~ Jy 1
T AN (5 Yes *
Yes S Rl Yes _TANK, (0¥ [“energy
y — T~ < RVpys — i < TANKy, — dump
EL operation PHS discharge
Eq. (3-18) Eqg. (3-8) No No
¥ ¥
Yes " still unmet —still unmet
N —__ demand _— —__demand
No ‘No
v v Y

A 4
Calculate met
demands

¥
Calculate unmet
demands

Figure4-16 Energy management faNT/PV/DJ/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 avaitaliesalinate the water used
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for electrolysis and to produce hydrogeBquation4-17 is used to get the amount of hydrogen
produced in kg. When neither the WTs ribe PVsare able to meet the demand, PHS is used. When
neither of these sources ofnergy can meet the demand, the required amount bfdrogen
convertsinto energy by the fuel cell and sent to the grid.The stored hydrogen is converted into
energy through the fuel cell, according Exjuation4-18. The hydrogen tank is subject to storage
restrictions according t&quatiord-19 andEquationd-20, concerningYd 0 0 and”Y0 O 0 .The
grid, which entails the artup of the LPS, supplies any load demand that is not fulfilled by the wind
turbines, the solar panels, thgydro turbine, or thefuel cell.

4.3 Economic and environmental analysis

Cost of Water (COW), Loss of Load Probability (LOLP), and Cost of Energse(&l€igvaluated for
the HRESEquatiord-21 estimates COEHausmann et al., 2021; Ma & Javed, 2019)
6000 VLOWH6 0

000 o Equation4-21

where6 6 0 G¢a GKS G2aGFf 1 wo9{ Ua WlyQidithelchst ohopadeding@andSy i O2
YEAYGFAYAYy 3 St GBK AG2 YILK2SY SWEAL I a- A0S YeSuy=ii 02 4046 2 OSNJ (1 K S
is the salvage cost, which is the value of each HRES component at the end of the project's lifetime (in

€ U X Ol yiRhe energy produced by the HRES (in k\8h)vage cost is estimated separately for

each component b¥equation4-22.

SiYe) 5’0 b0 ook ooRd- G
6 6 O — e
8 50

w 13

p

50 Equation4-22

where0d "O s the lifetime of each component aiid™O s the lifetime of the HRES.
0 0 afe/m3)is estimated byEquation4-23.
00w 00 @O Equation4-23

where ‘O is the energy required for the desalination of seawafkwWh/m?). The economic
parameters appliedh this analysis are shown Trable4-14.

The evaluation of the reliability of the HRES is estimated LOLP, which is calculatpcabignd-24
(Ma & Javed, 2019)

S0 LSO Equation4-24
vuvyv W quation4-

where¢ is the number of hrs in a year of simulatioi®, is the annual load demand, ai@ s
the unmet demand. There are four separate LOLPs that are calculated: the energy demand for
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domestic water desalinatiod U 0 ,ithe energy demand farrigation water desalinatiod 0 0 Dthe
energy demand for the household consumptidr O pand the sum of the three demands

0600.

Table4-14 Economic Parameters

Component Parameter Value
Wind turbine LYAGALFE O2ali o6¢€c« 906
(Baruah et al., 2021) hLISNI GA2Yy YR YIFAYyGS 136
Lifetime (years) 25
Photovoltaic module LYAGALFE O2ai 0cec« 800
(Javed et al., 2021) hLISNF GA2Y YR YFAYyGdS 11.2
Lifetime (years) 25
Desalination unit LYAGAL t3¥da@)2 a i o6e€ k® 484
(Abdelshafy et al., 2018) hLISNF GA2Y YR YI3KaphSy 0.32
Reservoir LYAGAL ) O2ail 0ce 154
(He et al., 2021) hLISNI GA2Yy YR YIRydas 3.1
Lifetime (years) 35
Hydro turbine LYAGALIE O2ai 0c¢c« 910
(He et al., 2021) hLISNF GA2Y YR YFAYyGdS 18
Lifetime (years) 10
Pumping station LYAGALIE O2aid 0c€c« 217
(He et al., 2021) hLISNI GA2Yy YR YIFAYyGS 4.35
Lifetime (years) 20
Battery LYAGAIKWHO2aild 6ecxk 200
(Jurasz et al., 2020) hLISNF GA2Y YR YKWhy i S) 4
wSLX | OSYSkMny O2aid « 150
Lifetime (years) 15
Hydrogen tank LYAGALE O2aid o€ 1182
(Abdelshafy et al., 2018) hLISNF GA2Y YR YFAYyGS 13.6
wSLIX F OSYSyid 02ai 1092
Lifetime (years) 20
Electrolyzer LYAGALE O2aid oe 606
(Abdelshafy et al., 2018) hLISNI GA2Yy YR YIFAYyGS 1.8
wSLI I OSYSy G Ozad 455
Lifetime(years) 5
Fuel cell LYAGALFE O2ald 0cec« 910
(Abdelshafy et al., 2018) wSLIX F OSYSyid 02ai 774
hLISNFGA2Yy YR YFAYyGS 0.02
Lifetime (years) 5
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In order torecover the full cost of the investment, the PBP determines the project's required years
of operation. It is based on the total investment castd the net yearlysavingsq ‘)Y Equation4-25
providesa mathematical description of it.
D¢ QO QWeB 0QV 6€i oi

_ Equation4-25
oY

060

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 fronthe 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 usingHRE&S insta of other energy sources.

PBP is determined using the currdéWh 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), andii A & S|j dzI f (PublZ Power iICargomtion, 20@3However,

such projects can be more competitive byealuction of the selling price gap. This can be
achievedon case of an increase in energy pricHse price of water for the islands rangesrr 7 to

M H €(Baxdis et al., 2020; Myronidis & Nikolaos, 202hd in this study is considered equal to 10

€ k3Ylt'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.

Equation4-26 is used to calculate the amounts of £Bat the HRES system eliminaté3,0
(tn/year), when 1 kWh supplied by th¢RESeplaces 1 kWh provétl by thelLPS:
(o)) © 90 © © 90 © Equation4-26
p T
whereO andO represent the energy (kWh) generated by WT and PV systems, respec@vely;

and 'O represent the emission factors of wind and sdkchnologies, which are about 13.7 g
CO2/kWh for wind an80 g CO2/kWh for solar, respectivéBthouari et al., 221)."O  represents

the emission factor of each country's gridccording to the country datasheet, ti&HGntensity of
electricity production for Greece in 2020 is abdi.2 g CO2/kWtEuropean Environment Agency,
2020) The priceof one ton of C@is calculated based on the price of ton in the markeBmtember

08, 2022 (Ember, Daily Carbon Prices, 2D2ote 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 resultdor the first configuration are presented, concerning the use of WTs and PHS to
cover electrical loads without the integration of a desalination Urtile average rate of reliability for

a whole year (12 months) is presented Rigure5-1. It is shown thatthe average coverage of
electricity demandé & dzo & O Nahd, Bubseégentky, (the reliability of the entire HRES (subscript
G K NI aven80%

el Bhres

99.99
90.00
80.00
70.00
60.00
50.00
40.00

Figure5-1 Reliability analysis of WT/PHS

InFigure5-2, the share of energy of three different sources is presented. These sources are the wind
turbines, the usef the PHS and the use of the LPS (GRID) when demand can be covered neither by
the WTs nor by the PHBhe resultsefer tothe coverage of electri¢alemand: Yy R (1 KS & dzo & ONXR L.
is used.Wind turbines and subsequentlyhe hydro turbine, are used to first supply the energy.
Unmet demandsare treated bythe island's local networklt is observed that durinduly,September

and Octoberthe LPS doesat operate while in August its contribution is the minimuifhis result

is particularly important considering that July and August r@ferred to as the tourist season.
However, as ihas been analyzeid section2.2and inTable2-4, the household consumptioduring

the summeris reduced,compared to the winter monthspossiby due to the fact that the devices

used in the winter for the supply of hot water afa heating are more energintensive.So,during

these months, the demands and the produced RES imaréalance and HRES is completely

autonomous.

In addition, the amount of wind energy usetlanges every month andbased on the demandsnd
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 accgrtticquation4-7.
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The results regarding the annual contribution of each energy source to meet the electrical load of the

island are presented iRigure5-3. The contribution of WTs the maximum at 57%, while the use of
PHS and GRID is almost the same and circa 21%.

=100% ™ WT, m PHS, m GRID,
0

80%
60%
40%
20%

0%

1 2 3 4 5 7 8 9 10 11 12
Mont

Coveragre rate (%)

Figure5-2 Share of energy of WT/PHS by WT, PHS and GRID for electrical load

EBWT BPHS MGRID

Figure5-3 Satisfied consumption by different energy sources of WT/PHS

700000.00

600000.00 ENPHS EEWT EEGRID Electricity demand
—=500000.00
3 400000.00

£ 300000.00 l
& 200000.00
=S
0.00
1 2 3 4 5 8 9 10 11 12

Month

y (kW

Figure5-4 Energy balance and demand of WT/PHS

In Figure5-4 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 highAugust, howver,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 vdria® zero to very low value€specially during
August, the wind potential hassimaximum value.
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The share of energy of the WT/PHS configuration is depict&dgimre5-5. Results for August are
presented in (a) and for December in (b). The dethardemonstrated in negative values, to compare
demand and offerThe selection othesemonths isbased on the demands. December presents the
higher demand in electricity, whilAugust is themonth with the highest arrival of tourist2HS
operatessmoother during August compared to Decemlaerd more use of theLPSs observedn
December, compared to August, simoere energy demands arise

M GRID mWT MPHS DEM MGRID mWT m®mPHS DEM
1000.00

=500.00
&
> B
& 0.00 &
Q DO MO NN 401 ANOYOLOMO NS NS " 01N AN OM O S 1 00w NN
c O MOOMMNANDNSOHDNOWMO S N B0 D ANONDT AT O D0 NN
w O =" " N N OO OW <IN DN O OIS w OO d d AN AN AN OO S T D WN O OIS
’ 800.00
- ! -1300.00
1000.00 Hours Hours

(a) (b)
Figure5-5 Share of energy of WT/PHS for electricity demands in (a) August; (b) December
Figure5-6 presents the hourlgtoragelevel of the upper reservoir over a yeArcomparison between
Figure5-5 and Figure5-6 shows that the pattern o€harging and discharging thfe upper reservoir
is similarto the pattern ofthe GRIDEvery time the upper reservoir is not fully dischargeg)Dloes
not operate and HRESs autonomous. On the other hand, emetime the upper reservoir is fully
discharged, HRES is based onldwal power statiorio cover all electricademand.

70000.00 RV

__60000.00
£ 50000.00
& 40000.00
%30000.00
§ 20000.00
“ 10000.00
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Figure5-6 Storage level of upper reservoir in WT/PHS

Finally the surplus energy that is given for pumping during the operation of the HRES, astivell as
energy that is given by the operation of the hydro turhiaee shown irFigure5-7, inanhourly 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 8sfied 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

-89-



energy consumed in the pumping station and this process is used for the storage o ereegy
and in order to meethe demand that does not coincide with the production of wind energy
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Figure5-7 Energy for pumping and energy by hydro turbine in WT/PHS

Table5-1 presents results about the initial cost, the operation and maintenance cost, the cost of

energy, tte loss of load probability of the HRES, the eliminategh@éntities and the C&price. The

AYAGALE O2ad FT2N) GKS 2¢kt | { (DR ¢obtAsAdaNI fih @ ye R 4¢C KD =,
Ad noHyM €k12 KX KA3IKBNHh apiliesidodal & SnerpyN&if®BP HENBtY t t /
been calculated since HRES price is higher than today energy price. However, for this scenario, the
benefits of reducing emissions, whiamount 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

I 4 e mTLOLPHonthedHRES is 21.09%, meaning that about 80% HRES can providért req

energy for the fulfillment of the electrical load of the island

Table5-1 Economic, environmental and reliability analysisWoF/PHS

Key Parameter Value
08 QOO GED 13882955
0Q0 @é fep 691,526
6 O ‘@/kwh] 0.281
000 0 [%] 21.09
‘O0 [tn/year] 1,936.36
00 i "G 172,200.88

The rest of the configurations concern HRESs that simultaneously aim to cover energy and water
demands, tanake the comparisagin the final price of energy and water, when water desalination

is also involvedin each of the followindigures, the rest of configurations (&), according to the
description ofeachcaption.

The average reliability rate for a full year (12 months) is showRigare5-8. For each of the
demands electricity, domestic wateand irrigation watet that are indcated by the subscripts of
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the legend, "el," "d," and "ir," respectivelgenerated outputs are estimated. Furthermore, an overall
average for the reliability of the whole HRES (subscript "hres") is retriévesi shown thatthe
average coverage of eactemand is consistently over 80% for each morathd for each
configuration.Fulfilmentof domestic water demands is always higher and between 80% and 90%,
as domestic water ia priority in evely configuration. Configurations that include RY%-(f), show

better results, concluding that the division of the production of renewable energy between WTs and
PVsleads to better satisfaction of the demands, by exploiting both wind and solar potential during
the day.Also, hybrid storage technologies,{€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 Figure5-9 the share of energy by the different energy sources for each demand (domestic water
WRQOY ANNRIFGA2Y 61 GSNI WANDE St SO0 NkpdridihgohtBd R WSt Q
configuration there are wind turbines (WT), photovoltaic modules (PV), the pumped hydro storage
system (PHS), batteries (BT), the hydrogen storage systepa@dhe operation of the LPS (GRID).

In all configurationsthe energy is inially supplied byhe wind turbines and then fromhmtovoltaic
modules when theyare applied. The third energy source is the storage technology of each
configuration.Initially, increased monthly use of LPS is observed in WPHBS compared to the
other s@narios, 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 seadl configurations, since as originally
analyzed it is used to fulfill as much demand as possible before the excess is divettgdge. Also,

as demonstrated in chapt&.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 pote@tiadhe other
hand, the produced hydrenergy (conf. b), the energy from the batteries (conf. c), or the energy from
the fuel cell (conf. djlepends on the excess energy, but the energy generated by the fuel cells (conf.
g) and batteries (conf. e) for tHeybrid storage systems, is dependeamt the hydro turbine's
unexploitedenergy,due to the limitations of theupper reservoior the pumping station capacity. In
eachconfiguration, it is observed that iBeptemberand Octoberfor either of the demands anfibr

either of the storage systems, &Rk not used. Demands and generatidiRES are in balance during
these months, and HRES is fully autonomddewever, WT/PV/DU/PHS and WT/PV/DU/BT can
almost fully cover domestic demand during June andakdiin August the use of the LPS is limited.
Onthe contrary in WT/PV/IJ/FCit is observed a reduced coverage in these months, perhaps since
in the hydrogen storage systemnough energy is also required for the desalination of the water that

is led to the electrolyzer.
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Figure5-8 Reliability analysiga) WT/DU/PHS (b) WT/PV//PHS; (c) WT/PVADBT; (d) WT/PV/ID/FC (e)
WT/PV/DJHPBS; (f) WT/PVADHPHS
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Figure 5-9 Share of energy for domestic water, irrigation water and electrical load: (a) WFPHS; (b)
WT/PV/DJ/PHS; (c) WT/PVIDIBT; (d) WT/PV/D/FC (e) WT/PV/D/HPBS; (fWT/PV/DJHPHS

Equally satisfactory results in terms of domestic water supply are also given by HRESs where they
have a hybrid storage systefie., in WT/PV/J/HPBS and WT/PVIBHPHS Duringthe irrigation

season, beginninop May,the need for irrigation increases atidere is a greater use of the LR
irrigation reasons. As a result, there is greater use of thefduR&ectricity too, the third demand to
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meet. The greater demand for irrigation wateas alsan impact on how domestic water is covered
during the irigation season, lowering the coverage rate from the HRES, compared to other months
of the year when no irrigation water needs to be desalinatéetween the systems with simple and
hybrid storage a monthly reduced use of LPS is observed, as in these syiseeenergy is further
exploited by wind turbines and photovoltaic modules, while otherwise, in single storage
configurations, more energy would lbejected For(a)-(d) uncovered needs are covered by the local
network of the islandwhilein (e)-(f) the storage of unexploited energlgrough thebatteries and the

fuel cell respectivelyis utilized before the use of the grid.

In Figure5-10, the different energysourceghat participate yearly in the energy mix of the island are
presented.In WT/DJ/PHS, the total contribution from WTs is smaller than in the rest configurations
where the energy mix includes energy from PMge contribution of WTs and PVs is tlaeng in the

rest configurations, (bjf), as expected since the selection of the storage technology does not affect
the penetration of the renewable energpurces in the hybrid renewable energy system, while the
contribution of the storage system and LR®gent a significant difference. The configuration with

the minimum use of GRID is WT/PWBIPHS, 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 pumplegdro stora@ and battery compared tahe
hydrogen storage system. Although all three storage systems have been dimensioned according to
two days of autonomy, the PHS and the BT satisfy about 218€ tdtal demand, while FC satisfies
17% of the total demand, indidag that the FC participates less in the energy balance and increase
the use of the LPS. Subsequentiynong the configurations with simple storage, pumped storage
gives better results about the use of GRID a7 Z%, while the maximum use of GRID is obsdrin

the single storage with a hydrogen systeim.WT/PV/DJ/FC this energy consumption for water
desalination becomes apparent, deprivingitthe fulfillment of the island's energy needs, whether

it is energy needs for domestic and irrigation watersaknationor 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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Figure5-10 Satisfied consumption by different energy sourcg@ WT//PHS; (b) WT/PVIPHS; (c)
WT/PV/DJ/BT; (d) WT/PV/D/FC (e) WT/PV/D/HPBS; (f) WT/PVADHPHS
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 irFigure5-11. In all single storage configurations,-(é)), HRE® completely
autonomous in September and October, while in hybrid storage configurations, (e) and (f), this
autonomy extendgo June.The irrigation season lasts from April to September, anglip, when
temperaturerises 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 watgplies.
Finally,although demand for energy is high in August because of tourism, it peaks imirker,
maybe as a result of thecreased usage of lightbulbs throughout the day and the high use of heating
equipment The use of the LPS ranges from zevovéry lowvaluesfor both storage systemén
August, because ancreased wind and solar potential is observed despite the fact that there are
high demands at this same time.
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Figure5-11 Energy balance and demand: (a) WUO/BHS; (b) WT/PVA'PHS; (c) WT/PVADBT; (d)
WT/PV/DJ/FC (e) WT/PV/DI/HPBS; (WT/PV/DJHPHS

The hourly share of energy, compared to the total energy demand, for August (588%2hh) and
December (801748760 h) is presented iRigure5-12. To make the comparison clear, the demand
(DEM) is shown with negative pricing. The demand determinesntheths thatare chosen. The
highest demand for energy is in December, whereas the highest demand for desalinated water for
residential anl agricultural usage is in August. Irrigation is expected to be performed after sunset,
andthe pattern of rising values that appears in August is caused biyrilgstion water requiredafter
midnight. Other demands, such as domestater and energy fohousehold consumption, are
substantially lower at night. The comparison of the configurations shathatthere

are periodsduring both months when the grid would normally be in operation that is now taken over
by the operation of the fuel cells and battes. Also, compared to single storage, hybrid storage
systems provide additional days of autonomy. Also, compared to Augudecember the second
storageseems to be more active. This could be related to the fact that even thihaglverall
required enegy needs are increased in Decembercomparison to August, simultaneousie
higherwind potential resultsn more excessnergy being delivered and exploited the
electrolyzer.And while in August there is an increased solar potengistan be noiced byFigure

5-10, WTs have a greater participation in the energy ntixoughout the year And while in August
there is an increased solar potentiak it is depicted ifrigure 410 WTshave a greater partipation
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in the energy mixMoreover, since there are larger energy demands in December compared to
August, the grid is used more frequently. Additionally, as previously explained, the demand for
irrigationwaterismoved independently to the nighttime, wherdemand for domestic water and
electricity isminimized, giving the HRES the opportunity to fulfill separately these irrigdéorands

and supplymore energy duringhe rest of the day depending on the solar and wind potential.
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(d)

(e)

()
Figure5-12 Share of energin August (508%832) and December (8048760): (a) WT/D/PHS; (b)
WT/PV/DJ/PHS; (c) WT/PVIDBT; (d) WT/PV/D/FC (e) WT/PV//HPBS(f) WT/PV/J/HPHS

The monthly demands, as well as the monthly amounts of domasticirrigation water that are
satisfied and unsatisfied, are shownHRigure5-13. 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 hylmt storage technology. Between the single storage technologies,
PHS results in higher fulfillment of both domestic and irrigation wakerd in this category of
demand, it seems that the combination of wind and solar parks provides better coverage ragelts,

to the simultaneous exploitation of wind and solar potent@h a monthly basis, the fulfillment of
water supply is up tdB7% for configurations that combine WTs and P\ile this percentage
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