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MpoAoyog

H mapovuoa SumAwpatikn epyacio onpatodotel To TéAog tng dpoitnong pou otn ZxoAn MoAltikwy
Mnxavikwy Tou EBvikou Metooiou MoAutexveiou. MpdKeLTal yLa TV amoppola TG CUVELOHOPAS
OAWV TWV ATOUWV TIOU ATOTEAECAV MEPOG TNG AKASNUAIKAG LoU EEEALENG KAl avTIKATOMTPLEL TO
nabog kot Tov {NAo mou TPEdw yla TO TMAPOV avtikeipevo. e autn T ogAida Ba nbsla va
ekppAowW TNV EVYVWHOCUVN LOU TPOG TA ATOUA QUTA.

Apxika, Ba nBela va euyaplotriow Beppd Tov K. Avbpéa Euotpatiadn, emikoupo kabnynti E.M.M,
yla tnv eniPfAedn tng SutAwpatiknig pou gpyaciag. H cupBoAr Tou otnv emhoyn VoG EMIKALPOU
B£LaTOG TTIOU EKTIPOCWITEL T EMLOTNUOVIKA HOU evlladEpovta, KOBwWG Kal oL EMOIKOSOUNTIKES
TOU TtaPATNPNOELG UTIRPEQV KOBOPLOTIKOL MOPAYOVTEG yLa TNV OUaAr UAomoinon Kot cuyypadn
TN¢ epyaciag autng.

Itnv ouveéxela Ba NBela va suyxaplotiow oAokapda tnv Ymopndia Ap. Tlwptliva akkr. Ot
adLAKoTEG TIAPEUPBACELC TNG KAl N TPoBUUia TNG Vo LOLPACTEL TG YVWOELS TNG cuvEPBaAav os
peyaho Babuod otnv tedikn popdn mou €hape n epyacio. H cuvelodpopd tng autr Ba £xeL mavta
uLa blaitepn B€on otnv akadnuaiki pou octadlodpopia.

Eva peydho suxaplotw odeidw emiong kot otov Ap. lwavvn ToOOUKAAQ, yla TV Kplowln tou
ouvelodopa otnv NapoxH anapaitntwy dSeSoUEVwy yla tnv Slekmepaiwon ¢ epyaciag.

Télog, Ba nBeha va euXapLOTHOW TOUC YOVEIC Hou, SLOTL XwpIig TNV CuVEXH TOUC OTAPLEN Kal
evBappuvon dev Ba pmopoloa va eMITUXW TOUG OTOXOUG TIoU £Xw BE€oel, aAAd Kal Touc ¢piloug
HoU Ttou UTtipEav ouvoSoLopoL Hou o auTo To TagidL.

Znoog ABavaolog

ABrva, Mdaptiog 2023



Abstract

The European Green deal has set the goal of increasing renewable energy penetration in
European countries’ power systems, in an attempt to also reduce their carbon footprint. With
regard to this, hybrid systems, combining renewables with energy storage components, have
become increasingly popular. Their versatility allows for the exploitation of the complementary
features of different energy sources. Hybrid energy systems find great applicability in remote
regions that are typically not connected to the mainland power grid, where the energy
independence challenge intensifies. In this thesis, we consider the optimization of a proposed
scheme in the Greek island of Sifnos, comprising wind turbines, solar panels, and a pumped
storage system using seawater, which introduces additional technical challenges to address. The
rational design for the main system components is based on two pillars. The first is a multi-criteria
financial optimization procedure that accounts for investment costs, energy market revenues and
reliability metrics. The second pillar is a novel representation of key uncertainty sources, including
two external drivers, namely the wind velocity (natural process) and the energy demand
(anthropogenic process), and the wind-to-power conversion (internal process). The latter
originates from the deviation of on-site wind power production from the manufacturer’s power
curve. The outcomes of the overall stochastic optimization procedure are compared to the
mainstream deterministic design approach. In this vein, we employ a comprehensive
interpretation of the impacts of uncertainty in hybrid energy system planning.



EAnvikA MepiAnyn

H Eupwnaikn Mpaoivn Jupdpwvia £€6ece wg otdoxo tnv avénon dleicbuong TwWV AVOVEWOLUWY
TINYWV EVEPYELAG OTO EVEPYELAKO Hiypa Twv Eupwnaikwv xwpwv, o pila mpoondbela peiwong
TOU QmoTUNwWuaTog avBpaka. Avadoplkd He autd, ta uBpLdikd cuotiuata, cuvoualovtag
OVOVEWOLUEG TINYEC KAl HECA OMOBAKEUONG EVEPYELOG €XOUV Yivel eupféwg Sadedopéva. H
guel€la Toug emitpénel Tnv aflomoinon Twv napoxwv dtadopwv MNywv evépyelag. Ta uPpLSLIKA
EVEPYELOKA guoTnuata Bpiokouv LbLaitepn ePpopUOCLLOTNTA OE OTTOEPEC TIEPLOXEG TTOU SEV glval
OUVOESEUEVEG E TO KEVIPLKO SLKTUO NAEKTPLOMOU TNG XWPAG, OTOU N OVAYKN EVEPYELAKNG
auTovopiog evteivetal. Xtnv Tapovuca OSUTAWMATIK  €pyacia, TPAYMOTOTOWOUME TN
BeAtlotomoinon evog mpotewopevou oxeblou oto vnol g Zidvou mou mepAapPavel
avepoyewntpleg, PpwtofoAtaikd kol £va oUOoTNUO aVTAnoOoTapicuong Tou XpnoLUoToLEL
BaAaoowo vepd, YeEyovOC TO OMOL0 EVTAOOEL EMUTAEOV TEXVIKEG TIPOKANOELG. O opBoAoyLkog
OXeOLOOUOC yla TO EMLPEPOUG KUPLA e€OPTAOTA TOU cuoThatog Baciletal oe SUo mMuAwveg. O
TMPWTOC £(VOL ULA OKOVOUIKN BeAtiotomnoinon moAamAwy Kpttnpiwv mou Aappavel unoPy to
KOOTOG enévduaong, To €008a Ao TNV MWANCN EVEPYELOC Kal TNV alomiotia Tou cuothiuartog. O
S6eUTepOC TMUAWVOC omoTeAel Ulot KOLWVOTOUO avamapdotacn tng afeBaitdtntog péow Svo
€EWTEPLKWV TTINYWV, TNV Taxutnta avépou (duoikn Stepyacia), Tnv INTNON NAEKTPLKNC EVEPYELOC
(avBpwroyevng Slepyacia) Kol TNV LETATPOTN AVEUOU Ot evépyela (ecwteptkn Siepyaoia). H
televtaia mnyn ofePaldtnTag MPOKUTTEL Ao TNV AMOKALON TIOU APOTNPELTOL 0TNV Mopaywyn
EVEPYELOG QMO HLO. QVEUOYEVWNTPLO oTo Tedio oe ox€on e TNV BewpnTikn KAUmUAn Twv
KOTOOKEUAOTWY. Ta amnmoTeAEéOMOTA QUTAG TNG OTOXOOTIKAG HeBOSou PeAtiotomoinong
OUYKPLVOVTAL LE TNV VIETEPUVLIOTIKN HEBOSO oxedlacpou. 2e autd To TTAAICLO, SLEPUNVEVUOULE
NV emppon tn¢ afefatdtntag KAtd Tov oXedLAoUO UBPLOIKWY EVEPYELOKWY CUOTNUATWV.



Extevng mepiAnydn

Avtikeipevo TnG mapoloag SMAWUATIKAG epyaciag amoteAel n BeAtiotomoinon uPpldikou
EVEPYELOKOU OUOTAUATOC UTO KaBeoTw¢ afePaldtntag. IUYKEKPLUEVA, TPAYUOTOMOLELTAL
OLKOVOLKA BEATIOTOMOINON €VOG TIPOTELVOUEVOU UBPLOLKOU EVEPYELOKOU GUOTAUATOG 0T Xidvo,
TO omnoio xpnoluorolel cluotnua avtAnootapieuong pe Bohacowo vepd, PEow eEeAKTLKOU
oAyopiBuou oTo MpoypapUaTIOTIKO eplBAaAAov Rstudio.

Ta televtaia xpovia, n cuvexng alfnon Twv EVEPYELAKWY OVOYKWY, O CUVSUAOUO WE TIC UN
€UVOIKEC OUVONKEG eloaywywv Kal eéaywywv evépyelag, €xouv otpéPel to evlladEpov oTLg
QVOVEWOLUEG TINYEC evépyetag (AME). Ou AME, avefavtAnteg Kal GLAKEG TTpog To TepLBAAAov,
OmoTEAOUV TOUG TMUAWVEG ylo TNV £MiteVEn Twv OTOXWV TIou TEBNKav otnv Zupdwvia Tou
Maptloiou kal autwyv TG Blwotpng avamntuéng (SDGs) mou oplos o Opyaviopudg Hvwpévwy EBvwy
(OHE) katd tng KALMOTIKNG aAAAYNG KaL TNG KoBoALKAG mpoaBacng os evépyeLa.

H nipokAnon yia kaBoALkr mpocBacn o€ evEpyela 0EVUVETAL OE OMOUEPEC TTEPLOXEG KOL OE TIEPLOXEG
mou Sev eival ouvdebepéveg e To KUpLO SIKTUO Ttapaywyng evépyelag, OMwe to vhold. Ta
UBPLOLKA EVEPYELOKA CUCTAMOTA PE UECA ATTOBAKEUONG EVEPYELOG UTIOPOUV Vo TIPOoHEPOUV
EVEPYELOKN OUTOVOULO OTIC TIEPLOXEG aUTEC. QoTooo, yla va emtteuxBouv vPnAa emineda
aflomiotiag otnv KOAUYPN TWV EVEPYELOKWY QVAYKWV OMALTELTOL N TPooBnkn Sladopwv MTUXWV
afeBaldtnTOC KATA TOV OXESLAOUO TWV CUGTNHUATWY OUTWV.

Ta uBpLdKA cuothpata cuvdualouv dladopeg popdéc AME (NALakn, aloAkn) yla TNV KAAuyn
TWV EVEPYELOKWY QVOYKWVY. T CUCTAMATA QUTA CUUMANPWVOVTOL amd HEoa amoBrkeuong
EVEPYELAG TIOU a€LOTIOLOUVTAL KOTA TG TIEPUTTWOELG TEPLOOELAC KOl EAAELUUATWY eVEPYELaG. H
avtAnootapieuon amoteAel éva amod ta o afloniota péoa anobnkeuong evépyelag. AlmoteAeital
and SUo TapleuTtnpeg mou Pplokovtal oe VPOUETPLKA SLadopd eKATOVIASWY HETPpWVY. Katd Tig
TepLOSOUC EPLOCELOC EVEPYELOC, VEPO AVTAELTOL KL ITOONKEVETAL OTOV OVAVTN TAULEUTAPO, EVW
KOTA TIC TEPLOSOUG EAAELUUATWY, aflomoleltal to SlabBéoiuo UYPog MTWong Kol MapAayesTal
USpPONAEKTPLKN eVEpyELD HEOW OTpoPidwv. H Ewkova 1 amoteAel oxnUATIK OQIELKOVION EVOG
uBpLdiIkoL cuoTAuaTOC.
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Ewova 1: Tumikn Stataén uBpldikoU evepyelakoU CUCTHUATOG UE AVTANOOTAUIEUDN

To U6 pehétn uPPLBIKO clotnua g Zidvou eixe apxlkad mpotabei oe dnuocisuon Twv A.
Katoamnpakdakn kot M. BoupBouAdkn (2018). Mpokettat yia éva uBpLSikd cloTno TTou ouvlualeL
NALOKA KoL OLOALKY] EVEPYElX HE avTAnootopieuon. H 18LaTepOTNTA TOU GUYKEKPLUEVOU
cuotAUatoC odelleTal oto yeyovog OTL N avtAnootapieuon xpnowlomolel Balaoowo vepo,
Bewpwvtacg TNV BAA0CoA WC TOV KATAVTN TapLEUTpa. To mpoavadepOUEVO cUOTNUA, OV Kal
napouotalel uPnAn aflomiotia, €xel U0 KUpla pelovektnpata: (1) dev Aappavel umoPv o
KaBeotwg TG afePfalotntag kat (2) mpotelvel Eva £pyo HEYAANG KALLAKOG TTOU TOGO TEXVLKA, OC0
KOLL OLKOVOULKA, OeV gival ebiktd va ulomolnOet.

Itnv mapoloa SUTAWHATIKA epyoaocia mpoteivoupe Kal BeATIOTOMOLOUME TOV OXESLOOUO €VOC
UBPLEIKOL £pyou HIKPOTEPNC KALMOKAG UTIO KaBsoTwe afefaldotntag, SLaTnpwvTag TAUTOXpova
0 UPnAd eminedo aflomiotiag. Ta EMUEPOUC XAPAKTNPLOTIKA TOU TPOTELVOUEVOU UPBPLEIKOU
cuotiuatog mapouotalovral otnv Ewkova 2. H xprion oUCTAMATOC avtAnootapieuong e
Bohacowvo vepd TTAPOUGCLALEL TEXVIKEG TIPOKANOELG, ATOL TNV SLABpwaon Tou aywyol TTwong Kot
TOU HNXavoAoyLlkoU €£OTALOOU Kal Tov Kivduvo udaApupwong tou udpodopéa o mepimTwon
Sladuywv, oTLC omoleg mpotelvovTal TPOTOL AVTLULETWITLONG.

Katd tov oxeblaopd Aappavovtal urtoPv dtadopeg mruxeg tng afefaitotntag. Ooov adopd tnv
fwyev afspatdtnta, mMOpAYOVTAL CUVOETIKEG XPOVOOELPES TAXUTATWY OVEHOU Kot {ATnong
NAEKTPLKAG evEpyeLag. OL XpOVOOELPEG QUTEC TTapAyovTalL o wptala Bacn, €xouv pAkog 20 eTwy
KoL SLotnpouV Ta (8La OTATLOTIKA XAPAKTNPLOTIKA LE TIG LOTOPLKEG XPOVOOELPEC. ATLO TNV GAAN, n
evboyevncg apspatdtnta skppaletal péow ™G aBeBaldTNTAC MOU EVIACOETOL OTNV KAUTIUAN
TIAPAYWYNG EVEPYELAC TWV AVEUOYEVVNTPLWY. ZUYKEKPLUEVA, BewpoU e TwG, yia KABes TayutnTa
QVELOU, N TtapayOuEeVn evépyela ekdpaletal amd Eva TANBoG onueiwy mou akoAouBel kavovikn
KATAVOUN, UE CUVOALKH HECN QMOKALON QO TNV KOUMUAN TWV KOTAOKEUAOTWY TNG TAENg 15%.
TEAOC, KATA TNV AELTOUPYLA TWV AVELOYEVVNTPLWY, BEwpoUE WG VAOTIOLEITAL N OTpATNYLKN “soft
cut-out”, SnAadn HOALG OL TIHEC TaxUTNTAG AVEUOU Eemepdoouv to Opla achaieiag (25 m/s) kat



HEXPL Eva 0plo eVAoywv TwVY (30 m/s), n avepoyevvntpla dev oBrvel, ala €akolouBel va
napayeL Alydtepn evépyeta, oAaovtag tnv ywvia kKAiong twv ntepwtwv. H Etkova 3 mapouotalst
£VOL TIAPASELY O TIPOTELVOUEVNG TIPOCOUOLWHUEVNG KOUTTUANG OVELLOYEVVITPLOG.

Wind turbines Rainfall Evaporation
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demand l |
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S(_)la_r accounting Storage capacity: S,,,.,
radiation Total head: 320 m
—
e Hydraulic losses: 15 m
Efficiency: 80-85%
Photovoltaic park
Number of panels: N,
Nominal power: 340 kW
Panel area: 1.94 m?
Ewkova 2: Atataén mpotelvouevou uBpLdikou cUTTHUATOG
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Ewova 3: MapadeLlyua mpooopuoLwUEVNS KAUTTUANG QVEUOYEVWNTPLOG




AkoloUBwg, opiletal to MPOPANUa  PBeAtiotomoinong Tou UPPLOIKOU CUOTAUATOC OTo
TIPOYPAUUATIOTIKO TieptBaliov Rstudio. Ot mapdpetpol tou mpoBARpatog eival 1o wdEALpo
BdBog tou TapLleuTApa KAl To TANB0G Twv pwtoBoAtaikwv. H oTOXIKI) cUVAPTNON ATTOCKOTEL oTNV
JeyloTonoinon tou pécou e€Tnoiou kEpSoug, emituyyavovtag tautoxpova uPnAn aflomiotia,
adou n aflomiotia €xel ekppaotel oe Opoug KEPSOUC OTO TIPOPANUA HAG. JUYKEKPLUEVA, EXOUV
OPLOTEL OLKOVOULKEG PNTPEC TIOU OTTOCKOTIOUV OTNV gA0XLOTOToinon Tdo0 TnNg CUXVOTNTOG
0OTOXLWYV TOU CUCTAHATOC 600 KOL TWV TIOCOTIKWY aoToxlwy. Q¢ actoyio cuotipatog opiletal n
MN KAAUPN TWV EVEPYELAKWY AVAYKWY OE €vVa XPOVLKO PAUA TNG Mpooopoiwaong. O eEeAIKTLKOG
oAyoplOpog BeAtiotonoinong akolouBel To Slaypappa porg, Omwe mopoucotdletal otnv Ewkova
4,
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Ewkova 5: Atakouavon amoUEUaTos THULEUTHPA KATA TV TPOTOUOLwanN
Juykplvovtag to amoteAéopata, eEAYOULE T TTAPOKATW CULMEPACHATA:

e To kabBeotwg afeBaldtntag ota PeAtiotomolnpéva oevapla mpoobidel auvnuévn
Slokupavon oto péyebog TO TAULEUTHPA, OTNV HECN ETACLA TTOPOYWYN EVEPYELAG, OTO
UECO £TN0L0 0DENOG KaL oTtnV aflomioTia

e 0oco peyalltepn n KAlpaka Ttou £pyou, NTOL O TOMLEUTAPOC Kal To TANBog¢ Twv
dwtoPoAtaikwy, TOoO HeyaAltepn n aflomiotia Tou €pyou. QOTOCO, MPEMEL va
onuelwOel OtTL Ta £pya peydAng kAlpakag mapouctdlouv poBARHATO TEXVLKAG GUOEWG
0oov adopd TNV KATAOKEUT Kal uAomoinaon.

TéAog, ouoxetiloupe TO KOOTOC PE TO WPEALHO BABOGC TO TOULEUTAPO HECW YKOOUGLAVIG
TOAUMETAPBANTAC Katavoung (copula) yia va mocotikomnoljooupe tnv aBeBatdtnta yia e0pog
TIHWV oxeblaopoU (Ewdva 6). H katavour autr) cUCXETI(EL TO HECO £TAOLO KEPSOC UE TO WHEALIO
BdBo¢ tou TapleuTApPa Kal pIopel va xpnolpomownBel w¢ uMoOoTNPIKTIKO gpyadeio ARYNg
anodpacewy yLa tov oxeSlaouo und afepfalotnta.
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1. Introduction

1.1 Incentive

In recent years, the continuously growing energy demand, in combination with unprecedented
events, namely the armed conflict in Ukraine, have introduced significant issues in the energy
supply. In parallel to this, climate change is imposing the shift from fossil fuels to renewables.
Renewable energies, environmentally friendly and inexhaustible, are the mainstay of the effort to
achieve the objectives set out in the Paris Agreement and the UN Sustainable Development Goals
(SDGs), particularly those relating to the fight against climate change and universal access to
energy.

The energy supply challenge mentioned above is even more significant in remote regions and
areas that are not connected to the main energy grid (e.g., islands). The design of hybrid
renewable energy systems (HRES) with energy storage systems can offer energy independence in
such regions. However, multiple facets of uncertainty must be considered to ensure high
reliability in covering the energy demand.

In this diploma thesis, we incorporate exogenous and endogenous uncertainties in designing and
optimizing a hybrid renewable energy system with pumped seawater storage on the Greek island
of Sifnos. A preliminary study of this system, only considering exogenous uncertainties, was
presented at the General Assembly of the European Geosciences Union (Zisos et al., 2022).

1.2 Research Objectives
The main research objectives of this thesis are outlined as follows:

e Provide a comprehensive overview of the components of a hybrid renewable energy
system and their interdependencies;

e Present multiple facets of uncertainty to be incorporated into the suggested system;

e Qutline the operation of the proposed HRES;

e Provide a holistic optimization approach of the proposed HRES under uncertainty;

e Qutline the effects of uncertainty in HRES planning by comparing the optimized system
to the initial deterministic approach.

1.3 Thesis Outline

This thesis is divided into eight chapters.
This first chapter introduces the subject of the thesis and its research objectives.

The second chapter provides an overview of hybrid renewable energy systems’ components, with
a focus on the implemented systems on Greek islands.

The third chapter includes a literature review of technological advances in HRES. Moreover, it
addresses various facets of uncertainty (exogenous and endogenous) and outlines system
optimization methods.
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The fourth chapter presents the case study of Sifnos island, addressing technical challenges that
arise from the design of the proposed HRES.

The fifth chapter simulates the operation of the HRES. It outlines the assumptions and methods
in which uncertainty was incorporated and provides the system’s evaluation method through
economic data.

The sixth chapter presents how the simulated HRES was set up in the Rstudio environment.
Moreover, the optimization method is analyzed under economic and reliability criteria.

The seventh chapter outlines the optimization results for the proposed HRES, with and without
the incorporation of uncertainty.

The eighth chapter summarizes the thesis’ conclusions and provides future research perspectives.
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2. Overview of hybrid energy systems

2.1 About hybrid energy systems

Energy demand is continuously growing across the world as the population increases. If
improvements in energy efficiency do not offset this increased demand, global energy
consumption will continue to grow, making the challenge of transitioning energy systems away
from fossil fuels and towards low-carbon energy sources more difficult. Figure 1 presents the
evolution of primary energy consumption per capita (Our world in data, 2022).

World
20,000 kWh

15,000 kWh

10,000 kWh

5,000 kWh

0 kWh
1965 1980 1990 2000 2010 2021

Source: Our World in Data based on BP & Shift Data Portal QurWorldInData.org/energy « CC BY
Note: Energy refers to primary energy — the energy input before the transformation to forms of energy for end-use (such as electricity or petrol for
transport).

Figure 1: Evolution of primary energy consumption per capita

With regard to this, hybrid energy systems were first introduced in the 1970s. Hybrid energy
systems generate electricity from two or more energy sources, usually renewable, sharing a single
connection point. Combining renewable energy sources, namely wind, solar radiation, and
hydraulic energy in hybrid installations, commonly complemented by storage systems, is an
effective tool for delivering clean and efficient energy. Their potent advantage is the ability to
switch between energy sources when one is insufficient, reducing the inherited unpredictability
of renewables. Hybrid energy systems can also capitalize on existing energy infrastructure and
add components to help reduce costs, environmental impacts, and system disruptions (J.J. Ding
et al., 2000).

Planning a hybrid electricity system has a market focus rather than a technology focus: the priority
is to choose the most fitting, efficient, and reliable mix of energy technologies to meet users’
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needs. Thus, a unique design solution may be insufficient, as its layout and components depend
on various highly uncertain variables, e.g., hydroclimatic cycle and energy conversion models.

2.2 Components of hybrid energy systems

Hybrid renewable-based energy systems (HRES) consist of at least two types of renewable energy
sources, such as wind, solar, and hydropower, and an alternative source of power (e.g., diesel
generator or fuel batteries) in case of emergency. An HRES may be connected to the main power
station or have its own individual electricity generation system, as shown in Figure 2. The
following sections provide a brief overview of each component of an HRES.

~ Water storage (//

n L
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&
Wind en/erfgy 7 %

Tfl

Figure 2: Example of an individual hybrid energy system

2.2.1 Wind turbines

Wind turbines are usually one of the main energy sources of an HRES. They are distinguished into
two basic types horizontal and vertical axis, with the former being the ones that are most
commonly used. Wind turbines utilize wind speed values ranging between 2.5 and 25 m/s,
transforming the wind’s kinetic power into mechanical through the rotor blades and then from
mechanical into electricity through the generator located in the hub of the tower, as depicted in

Figure 3.
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Generator

Figure 3: Components of a wind turbine

The produced power varies depending on the wind speed at the given time and the characteristics
of each wind turbine (nominal power, hub height, rotor diameter). It is presented through the
wind power curves provided by the manufacturers. In any case, the maximum available wind
stream captured at a given time by a wind turbine equals 59.3%, known as the Betz limit.

2.2.2 Photovoltaics

Solar radiation is another indispensable renewable energy source exploited through
photovoltaics. Photovoltaics (PV) generate electricity directly from sunlight through an electronic
process that occurs naturally in certain types of material, the semiconductors. Photons strike and
ionize semiconductor material on the solar panel, causing outer electrons to break free of their
atomic bonds. Due to the semiconductor structure, the electrons are forced in one direction,
creating a flow of electrical current. Solar cells are not fully efficient, as only certain light within
the spectrum can be absorbed. Lastly, some of the light spectrum is reflected, while some is too
weak to create electricity (infrared), and other (ultraviolet) creates heat energy instead of
electricity. Figure 4 depicts the components of a PV module.
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Figure 4: Diagram of a typical crystalline silicon solar cell (Solar Energy Industries Association)

The characteristics of a standard PV system, which is nonlinear, are demonstrated in Figure 5. The
current versus voltage (I-V) curve differs based on if the PV array is in parallel, single, or as series.

I-V curve Parallel A
‘/ Mpp

Series
MPP

Power/W

Series

»
»
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Figure 5: The I-V characteristics of a typical solar PV array (Faccio et al., 2018)

2.2.3 Pumped water storage

An electricity transmission and distribution system is unable to store significant quantities of
energy. As demand rises and falls, so must the supply of electrical power to the grid too, either
from a matching variation in the generation or through the use of storage as a buffer. In order to
address excess electricity issue, HRES that are not connected to the main power grid have
integrated pumped water storage systems in their configuration to avoid loss of energy surpluses.
A typical layout of a pumped water storage system consists of two reservoirs whose elevation
difference is of the order of hundreds of meters. Energy storage is expressed in terms of water
storage. Thus, water is pumped into the upper reservoir when there are energy surpluses. During
energy deficits, the two-reservoir system functions as a hydroelectric power station, exploiting
the elevation difference to produce energy. Pumped water storage systems are highly reliable, as
they have a rapid response time (from idle to full output in a time span of 20 seconds to a few
minutes) (Blakers et al., 2021). Their lifespan exceeds 50 years, with an overall efficiency ranging
from 65% to 87%. As reported by the Electric Power Research Institute (EPRI) in 2017, they
account for more than 96% of bulk storage capacity worldwide.
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2.3 Layout and operation

Combining the aforementioned energy components in a proper layout of an HRES, an example is
given in Figure 6; the system’s operation is exclusively dependent on power demand. When the
available renewable energy potential is sufficient to cover the energy demand at a given time, the
surplus energy is utilized by pumping water from the lower reservoir to the upper. On the
contrary, if the available renewable energy potential is insufficient to cover the energy demand,
hydraulic energy is produced through the turbine by transferring water from the upper to the
lower reservoir.

Upper Reservoir

Wind turbines

. \ Po N Wind
Wind s power
velocity Z
D —
Inverter Control unit
Pumping
Generating
Solar Power surplus/ Head
radiation deficit
D ————
Pump /

Turbine

PV modules Pipe / Penstock

Lower Reservoir

Figure 6: Typical layout of an HRES

2.4 Hybrid energy systems in Greek Islands

Large-scale energy storage is needed in regions with higher solar and wind penetration. It is also
considered essential in regions and countries with weak or absent transmission links. Moreover,
isolated island systems have felt this pressure even more strongly since they often face inflated
fuel costs due to extra shipment costs and small overall system size. Greece consists of 227
inhabited islands (Hellenic Organization of Tourism, 2022) while also having 29 non-
interconnected island systems (Zafeiratou & Spataru, 2019). Non-Interconnected Islands (Nlls) are
those islands whose Electricity Distribution Network is not connected to the Transmission System
or the Distribution Network of the mainland. Given that the islands’ population increases
significantly during the summer months, most NNIs fail to cover their peak power demand,
leading to economic losses. Therefore, it is crucial to ensure their energy independence while
taking advantage of their high renewable energy potential (wind and solar radiation). The
importance of the integration of HRES in Greek islands was highlighted in the analysis performed
on three Greek islands (Crete, Lesvos, and Serifos) by Caralis et al. (2010). The latter concluded
that, apart from the environmental benefits of HRES, their development cost is competitive to the
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fuel cost of local power stations in autonomous islands. A brief overview of hybrid energy systems
in Greek islands follows:

2.4.1 Tilos island and HRES implementation

Tilos belongs to the complex of the Dodecanese islands with a population of 899 inhabitants
(Hellenic Statistical Authority, 2021). Its hybrid energy system, which is a result of a Horizon 2020
project, started functioning in 2019 and consists of the following:

e A wind turbine of 800 kW nominal power
e Photovoltaics of 160 kW nominal power
e Inverters of 20 kW nominal power

e Battery arrays of 2.8 MWh power

The aforementioned system is capable of covering a minimum of 60 to 70% of the island’s total
energy needs.

2.4.2 Ikariaisland and HRES implementation

Ikaria is an island in the eastern Aegean with a population of 10,175 inhabitants (Hellenic
Statistical Authority, 2021). Its hybrid energy system, “Naeras” of 6.85 MW installed power,
started functioning in 2019 and consists of the following sub-systems:

e A wind turbine park located on the hill “Stravokoudoura”, including three wind turbines
with 900 kW nominal power each.

e A small hydroelectric station with a turbine of 1.05 MW, exploiting the surplus water of
the “Pezi” dam’s reservoir, after ensuring that the water city’s water supply needs and
the environmental flow are met.

e A small hydroelectric station with two turbines of 3.1 MW total power, exploiting the
surplus water of the pumped water storage.

e A pumped water storage consisting of two tanks of 80,000 m? volume each located in
“Proespera” and “Kato Proespera” respectively, and a 910,000 m? volume reservoir in
“Pezi”.

e  Pump station in “Kato Proespera” consisting of twelve-250 kW pumps

The projected annual energy production of “Naeras” is 9.80 GWh, while the annual reduction in
CO, emissions is estimated at 13,800 tons (HEDNO).

2.4.3 Astypalaia and HRES implementation

Astypalaia is located in the Aegean Sea, with a population of 1,849 (Hellenic Statistical Authority,
2021). The island’s energy needs are mainly covered by a diesel thermal station of 5.1 MW
installed power. The annual share of renewables to the island’s energy mix for 2019 was 8.4%
(HEDNO, 2020), mainly derived from the photovoltaics 0.32 MW total power. A hybrid energy
system for Astypalaia was proposed (Makris, 2021), consisting of 1.67 MW of photovoltaics, two
wind turbines of 1.6 MW installed power, 2.04 MW Diesel generators, 2.1 MWh Li-ion batteries
and 1.49 MW power converters. This system enables renewables to contribute to the island’s
annual energy share by 78.9% while also producing a 37.6% energy surplus.
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3. Technological and research advances in hybrid energy systems

3.1 Literature review

Hybrid renewable energy systems have become an essential part of global energy production,
addressing limitations in terms of fuel flexibility, efficiency, reliability, emissions, and economics
(Bajpai & Dash, 2012). Power can be generated based on the demand at any particular site
depending on the availability of resources, thus significantly reducing grid dependence. However,
to achieve continuous and effective delivery of power, HRES must ensure that the communication
system and the associated infrastructures of the subsystems are well-defined. To address this,
Eltamaly et al. (2021) proposed an internet of things (IoT) based architecture for HRES, enabling
monitoring of electrical, status, and environmental information and facilitating the
communication between the subsystems.

During the past decades, there has been a significant number of studies supporting the use of
pumped water storage in hybrid energy systems. Lundsager et al. (2014) noted that without an
integrated large energy storage in the grid, namely a pumped water storage, a maximum of 80%
wind penetration may be feasible for a 100-kW grid, decreasing dramatically as the size of the
electricity grid increases, for as low as 20% for a 10-MW grid. Rehman et al. (2015) also mentioned
that pumped water storage can address issues that emerge from the large integration of wind
power into the electricity network, such as: (1) handling changes in network impedances due to
wind farm connection to the grid and its effects on the remote control-signals, (2) handling of
harmonics created by the addition of wind on the grid and (3) stability problems that may occur
due to dynamics behaviors of wind farms connected to the grids.

In continuation to those mentioned above, studies have proven that integrating a pumped water
storage can be more beneficial in remote HRES than installing batteries. Ruisheng et al. (2010)
mentioned that there is a significant fluctuation in energy production due to the intermittent
nature of renewable energy sources. This results in the reduction of the batteries’ service life, as
they remain in a loss power state for a long period of time. Moreover, Ali and Jang (2020)
performed a study on an optimum design of an HRES on the island of Deokjeok-do, South Korea.
In particular, two different systems were optimized based on: (a) the lowest possible Net Present
Cost (NPC) and (b) the lowest possible Levelized Cost of Energy (LCOE). From the comparison of
the results, they concluded that utilizing a pumped water storage, with the sea working as the
lower reservoir, leads to a cheaper initial investment cost for both systems than using batteries
as an energy storage system.

As mentioned in section 2.1, there is no single optimal HRES configuration. Therefore, an
optimization method has to be implemented for the planning of every HRES. Faccio et al. (2018)
classified the optimization goals into the following: (1) factors affecting load demand, (2) energy
production scenarios, (3) factors affecting the system’s grid during the optimization process, (4)
reduction of environmental emissions, (5) voltage stability index and (6) breakeven grid extension
distance. Nevertheless, it is understood that objective functions can contain more than one of
these goals, depending on the requirements of each system, which happens to be the case in
multiobjective optimizations (Das et al., 2020).
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3.2 Addressing issues of uncertainty

Uncertainty has been a long-lasting issue in the design and optimization of HRES, deriving from
various drivers. Sakki et al. (2022) discriminated the uncertainties into two main categories;
exogenous (external) and endogenous (internal), as they are presented in Figure 7. The former
category mainly refers to the inherent uncertainty of the system’s drivers, whereas the latter
refers to conversion processes and underlying modeling assumptions. Following this, this research
introduced a novel stochastic optimization framework that addresses multiple facets of
uncertainty (e.g., hydrometeorological parameters and the market price of energy). This
framework will be the fundamentals for this thesis since we expanded from the single renewable-
based work to a hybrid energy system.

External Internal
Uncertainties Input “fuel Uncertainties
Hydrometeorological
RLOCOSIES Aging, maintenance
it and malfunction
Environmental B
constraints
Conversion .
Socioeconomic processes Model assumptions
constraints and parameters
 J
Energy
Grid

Figure 7: Key sources of uncertainty associated with renewable energy (Sakki et al., 2022)

3.2.1 Exogenous Uncertainties

Hydrometeorological processes are considered one of the main exogenous uncertainties of an
HRES due to the intermittent nature of renewables. Hydrometeorological time series of lower
time scales (e.g., monthly or daily) were found to be appropriately represented through
theoretical distribution functions. Specifically, the Weibull and Gamma distribution have been
considered appropriate to represent wind speed data (Carta et al., 2009 and Zhou et al., 2010),
while the Beta distribution provides satisfactory fit in sunshine duration data (Bashahu &
Nsabimana, 2005). In this context, Tsekouras & Koutsoyannis (2013) performed a comprehensive
analysis on hydrometeorological data and their corresponding distributions to detect possible
long-term persistence. In more recent studies, Tsoukalas et al. (2020) presented a simplified
synthetic data generation procedure (for reproducing the hydrometeorological regimes) through
anySim, an R-package specifically designed to simulate non-Gaussian correlated random
variables, stochastic processes at single and multiple temporal scales, and random fields.
Following this, Palma et al. (2021) presented a novel methodology to facilitate the selection of a
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proper time series generation model for renewable energy sources, providing a set of indicators
to verify the selected model’s accuracy.

Another exogenous uncertainty that should be taken into consideration is the energy demand.
Energy demand can be affected by various factors, such as environmental and socioeconomic
(Abdel-Aal, 2008). A study conducted by Cabeza et al. (2018) showed that past energy projections
for the energy demand of OECD countries were either consistently overestimated or
underestimated. This phenomenon intensifies even more in the islands due to the intensive
seasonal power demand variations. Thus, it is essential to accurately forecast energy demand
while designing an HRES. Warren et al. (2016) introduced a generalized mathematical framework
for uncertainty forecasting and then examined three main constituents of uncertainty in energy
demand forecasts; (1) inherent randomness in the way electricity is consumed, (2) modeling and
estimation errors, and (3) uncertainty in the model inputs. Islam et al. (2020) presented various
models for short, medium, and long-term energy demand forecasting and metrics to measure
their accuracy effectively.

3.2.2 Endogenous Uncertainties

Uncertainty in power system operations can be categorized between discrete and continuous
disturbances (Papavasiliou et al., 2015). The discrete disturbances to equipment failure, such as
generators and transmission lines, were accurately demonstrated in an analysis performed on
wind turbine generators by Rezamand et al. (2019). The results showed that the reliability of wind
turbine generators (WTGs) can decline to as low as 67.9% after seven years of operation. The
continuous disturbances, which include parameters of the unit commitment problem that vary
smoothly (e.g., electricity demand and renewable power production), were described in the
previous section.

As the penetration of wind power in renewable energy systems increases, concerns about the
uncertainty in wind power generation are raised. Another type of uncertainty to be considered is
found in wind turbine power curves (WTPC). A WTPC, provided by the manufacturer, gives a wind
turbine's standard and experimental behavior as a graph or as a set of points for wind speed —
power every 0.5 m/s (Villanueva & Feijéo, 2018). However, a wind turbine operates in complex
and variable conditions, which deviate significantly from the stable experimental conditions under
which manufacturers test them. Thus, the provided WTPC does not accurately reproduce the
actual behavior of wind turbines that operate in the real-world (Pagnini et al., 2015). For this
reason, ample deterministic and probabilistic models were developed to produce a WTPC that
resembles real-world operating conditions. Recently, the focus has been shifted towards the
latter since deterministic models provide fixed relationships between wind speed and power
generation, failing to reveal the variating and dynamic power generation process (Kusiak et al.,
2009). A novel probabilistic WTPC model worth mentioning is the one developed by Yan et al.
(2019), which considers various model inputs (pitch angle, wind direction) based on three non-
parametric algorithms.

The last, but not least, issue of uncertainty involves the operation of wind turbines in the high
wind speed region. It is impossible to accurately predict when the wind turbines will shut down
and their downtime, which occurs when wind speed exceeds the value of 25 m/s, due to the
stochastic nature of wind (Petrovi¢ & Bottasso, 2014). Thus, to prevent frequent shutdowns and
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restarts, the soft cut-out strategy is implemented by extending the maximum admissible wind
speed up to 30-32 m/s, without an abrupt shutdown, through controlling pitch and generator in
order to decrease the energy production slowly (Catellani et al., 2019). Multiple studies have
addressed the optimal control of wind turbines during high wind speeds to minimize the
uncertainties derived from the wind. Jelavic et al. (2013). produced a soft-cut out strategy worst-
case scenario algorithm that does not significantly increase fatigue loads. Astolfi et al. (2018)
performed a SCADA data analysis, extending the power curve of a wind turbine farm in the high-
speed region, and concluded that the simulated energy improvement was 0.62%, namely 1.80%
of the wind farm’s total production. Lastly, Castellani et al. (2019) extracted operational data from
a 2.3 MW wind turbine. They then simulated it to work with the soft cut-out strategy, producing
1.02 MW more than its initial operating state.

24



4. Case study

4.1 General Information

The under-scope case study concerns the island of Sifnos. Sifnos is located in the southern region
of the Cycladic complex between Serifos and Kimolos. Its area extends to 74 km?, and its coastline
is 70 km? long. Its morphology consists mainly of hills and fruitful valleys, with its primary
geological formation being the dolomitic marble. The permanent population of Sifnos is 2,755
(Hellenic Statistical Authority, 2021), while the island attracts up to 100,000 tourists every
summer.

Sifnos is a non-interconnected island (NII). Its energy production is mainly covered by a 9.0 MW
oil power station, while renewables have a small share in the total annual energy mix. Specifically,
there is a small 1,2 MW wind park and two photovoltaic parks of 0,203 MW power (excluding the
photovoltaics on the rooftops of the houses). According to an analysis of the island’s energy
profile for 2020, the total energy demand was 17,30 GWh, while the peak was 5,40 MW, occurring
during the summer months (HEDNO, 2021).

4.2 Proposed system outline

A preliminary study for this system was performed by Katsaprakakis and Voumvoulakis (2018).
The HRES they proposed combines wind, solar and hydroelectric energy. A major component of
the proposed layout is the pumped-storage system. Due to the limited surface water resources of
the island, an upper reservoir is configured at an elevation of 320 m, recycling seawater. The HRES
will be installed on a plateau located on the island’s northern part, as shown in Figure 8.

Figure 8: Location of the proposed HRES
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The selected location is ideal since:

e Theintervention to the natural environment is minimal, as there are no tourist attractions
or human activities nearby, with the nearest settlement situated at a distance greater
than 4 km away.

e The mild topography of the plateau and the slope minimize the required excavations
effort and, thus, cost.

e There is high wind potential, as there are no physical obstacles in the island’s northern
part.

Following the initial design concept, Figure 9 provides a more detailed overview of the system we
propose and the interdependency of its sub-systems, as well as its key metrics. Meteorological
parameters produce power through renewable energy modules (wind turbines, photovoltaics).
The power accounting between produced energy and energy demand determines whether the
seawater pumped storage will store excess energy by pumping water into the reservoir or
produce energy to cover the deficits.

Wind turbines Rainfall Evaporation
Enercon E70 & E44 Power | 1
demand l |
Wind >
velocity ) S Reservoir
’ Power Power station
surplus/
deficit Penstock
Power
S(_)la_r accounting Storage capacity: S«
radiation 3 Total head: 320 m
@ Hydraulic losses: 15 m
Efficiency: 80-85%

Photovoltaic park
Number of panels: Np
Nominal power: 340 kW
Panel area: 1.94 m?

Figure 9: Proposed hybrid power system (Zisos et al., 2022)

4.3 Overcoming technical challenges

The inclusion of a seawater pumped storage in the HRES introduces various technical challenges.
This section aims to address the most crucial ones, ensuring the proposed system’s feasibility.

4.3.1 Erosion of the pipes

The erosion of the pipes due to the salt water is one of the main technical challenges. To address
this, GRP pipes will be used. Glass(fiber) Reinforced Plastic (GRP) is a composite material that
consists of a polymer matrix and glass fibers. The polymer matrix is usually an epoxy, vinyl ester,
or polyester thermosetting resin, which brings environmental and chemical resistance to the
product, acting as a binder for the fibers. The glass fibers add strength to the composite. GRP
pipes are composed of a liner layer, an inner reinforced layer, a core layer, an outer reinforced
layer, and a surface veil, as shown in Figure 10.
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Figure 10: Configuration of a GRP pipe (Yoon and Oh, 2015)

Their main advantages include high resistance against chemicals, corrosion, UV radiation and
long-life expectancy. Their low friction coefficient is befitting to address the potential issues of
erosion and rugosity raised using seawater.

4.3.2 Erosion of the electromechanical equipment

Similar to the erosion of pipes, the erosion of electromechanical equipment poses another
technical challenge. In their study, Francis and Hebdon (2015) found that several types of
corrosion from seawater can affect stainless steel (SS) electromechanical equipment:

e Crevice corrosion is the most common form of corrosion initiated by changes in local
chemistry within a crevice. It is usually associated with a stagnant solution in the
microenvironments that tend to occur in crevices. In a seawater pump, crevices can be
found where seals and impellers are fastened to the shaft, and flange faces are cast in for
pipework connections.

e Erosion corrosion can happen because of the high velocity of seawater in a pump.

e (Cavitation occurs when a fluid’s operational pressure drops below its vapor pressure and
causes gas pockets and bubbles to form and collapse. This common phenomenon occurs
when a pump operates outside its normal design parameters. The formed bubbles erode
the steel.

e Corrosion fatigue derives from the combination of alternating or cycling stresses in a
corrosive environment, mainly affecting seawater pump shafts.

Table 1 was provided by Francis and Hebdon, containing the most common SS alloys that increase
its resistance to corrosion in seawater. In the last column, the pitting resistance equivalent
number (PREN) is calculated based on the nominal composition of each material according to the
following equation:

PREN = %Cr + 3.3 = (% Mo + 0.5 * %W) + 16 x %N (4.1
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Table 1: Nominal Composition of some commonly used cast Stainless Steels (Francis & Hebdon, 2015)
Nominal Composition (wt%)

Type UNS Generic Fe Cr Ni Mo N Cu W  PREN
No. name
Austenitic 92900 316 Bal 18 10 2 -- - - 24
J94651 CN3MN Bal 20 24 6 02 - - 43
J93254 CK3MCuN Bal 20 18 6 02 0.7 - 43
Duplex J93372 Grade Bal 25 5 2 014 - - 34
1B*
J92205 Grade Bal 22 55 3 0.16 -- - 35
4A*
J93404 Grade Bal 25 7 4 03 - - 4
5A*
J93380 Grade Bal 25 8 35 025 0.7 0.7 41
B6A*

Bal = Balance
Grade designations in ASTM A995

Lastly, the NORSOK (Norwegian shelf's competitive position) standards state that SS with a PREN
value of 40 is considered sufficient for equipment used in seawater.

4.3.3 Waterproofing of the reservoir

The waterproofing of the reservoir is considered essential while dealing with seawater. This
measure is implemented to avert groundwater salinization by preventing the sea water’s intrusion
in the potentially karstified underlying geological formation. The waterproofing is achieved by
installing High-Density Polyethylene (HDPE) Geomembranes, which have increased durability to
chemicals and UV radiation.
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5. Hybrid energy system simulation

5.1 Inputdata

The proposed hybrid energy system consists of multiple segments (Figure 9). In this section, we
configure a model to simulate the operation of the HRES and define the interdependencies of its
sub-systems. The simulation was performed in an hourly time step.

5.1.1 Solar power
The proposed system includes photovoltaics of rated 340 W rated power and 1.94 m? panel
surface. The total energy produced is calculated by the following equation:

Psorar = Npanet * W * Apaner (5.1)
where:
Npaner is the number of photovoltaic panels;
W is the solar radiation at a given time (W/m?);
Apaner is the surface of the photovoltaic panel (m?).

The solar radiation data for the island of Sifnos were provided by the National Observatory as an
hourly step time series. Figure 11 indicates the produced power of the PV module for different
values of solar radiation. When the solar radiation values exceed 1,000 W/m?, the module
produces its nominal power.
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Figure 11: Power - Solar radiation plot of the PV module

5.1.2 Wind power
Two different wind turbines are included in the system to maximize the utilization of the available
wind potential. Their key specifications are summarized in Table 2:
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Table 2: Wind turbine specifications

Wind turbine type

Enercon E-44

Enercon E-70 E4

Rated power 900,0 kW 2.300,0 kW
Minimum power 4 kw 2 kW
Cut-in wind speed 3,0m/s 2,5m/s
Rated wind speed 16,50 m/s 15,0 m/s
Cut-out wind speed 34,0 m/s 34,0 m/s

Survival wind speed 59,50 m/s -
Tower height 55m 113 m
Rotor
Diameter 44,0 m 71,0 m
Swept area 1.521 m? 3959 m?
Number of blades 3 3
Power density 1 591,7 W/m? 581 W/m?
Power density 2 1,7 m?2/kwW 1,7 m2/kw
Generator
Voltage 690V 2.000V
Grid frequency 50 Hz 50 Hz

The wind speed data for the island of Sifnos were provided by the National Observatory as an
hourly step time series. The anemometer that recorded those measurements is situated at a
different elevation (5 m from sea level) than the hub of the wind turbines. Thus, the initial wind
speed has to be calculated at the respective heights of each wind turbine hub, given that they are
installed on the aforementioned plateau of 320 m elevation, according to the following equation:

In (2—(2))

U, = Uy - (%) (5.2)

where:

U, is the wind speed at the wind turbine hub (m/s);

U4 is the measured wind speed of the anemometer (m/s);
74 is the height of the measured wind speed (m);

7, is the height of the wind turbine hub (m);

Zq is a surface roughness parameter (m), considered equal to 2 cm (crops of 10-50 cm) for our
case study.

In addition, the wind component of HRES concludes wind turbines, Enercon turbines, i.e., Enercon
E-44 and E-70 E4, with rated power 900 and 2300 kW, respectively. Figure 12 and Figure 13 depict
the manufacturer power curves for the two wind turbines of the proposed HRES.
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Figure 12: Power curve of Enercon E-44
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Figure 13: Power curve of Enercon E-70 E4
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In order to calculate the power production of a wind turbine for a given wind speed value, an
analytical formula introduced by Sakki et al. is chosen:

V, AN
=V
Pying = Pmin + <1 - (1 - (u) ) )(Pmax — Prin) (5.3)

Vinax = Vmin
where:
Pin is the minimum power produced (kW);
Py is the nominal power of the wind turbine(kW);

Viwina is the wind speed at the wind turbine hub (m/s) (for values exceeding 25 m/s, equation 5.7
is used instead);

Vinin is the cut-in wind speed (m/s);
Vinax is the cut-off wind speed (m/s);
a, b are shape parameters.

It is important to mention that equation 5.3, unlike the ones commonly used in other studies, is
not a high order polynomial formula, since it takes into account turbine-specific characteristics
and two parameters.

Since the proposed HRES consists of different hub-height wind turbines, it is expected that the
interaction between large and small wind turbines (e.g., due to turbulence effects) will reduce the
wind speed for the latter. The wind speed reduction is calculated as follows (Vasel-Be-Hagh &
Archer, 2017):

2a
Vwina =Vo| 1— (5.4)

2
(1+ %)

where:

V, is the freestream wind speed at the hub height level (m/s);

k is the decay coefficient;

a is the induction factor;

L is the distance between the wind turbines (m);

D, is the diameter of the large turbine (m).

In the study of Vasel-Be-Hagh & Archer (2017), it is proposed that k = 0.038 and a= 0.1, which are
the values that will be used for this case study.
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5.1.3 Pumped water storage

The conventional pumped water storage consists of two reservoirs. For the proposed system
layout, the lower “reservoir” is the sea, whereas the upper reservoir is trapezoid-shaped. Its key
dimensions are depicted in following the cross sections (Figure 14 & Figure 15) and are in line with
the exploitable plateau.

(S

500

Figure 14: Cross section of the reservoir (parallel to the plateau)

/%

150

Figure 15: Cross section of the reservoir (perpendicular to the plateau)

By defining the reservoir’s dimensions, we can calculate the reservoir’s volume and surface area
depending on its depth at a given time through the following formulas:

V(m3) = 78,793H — 6,280.5 (5.5)
A(m?) = 763.89H + 74,978 (5.6)
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Figure 16: Volume - Reservoir Depth chart
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Figure 17: Surface area - Reservoir Depth chart

5.1.3.1 Reservoir inflows and outflows

The reservoir inflows and outflows considered in this case study are precipitation and
evaporation, respectively. These data were extracted by the Hellenic National Meteorological
Service’s station in Naxos (daily measurements), then disaggregated on an hourly scale through
the Hydrognomon software.

5.2 Simulation assumptions

This section aims to outline all the assumptions that were made to simulate the operation of the
proposed HRES:

e The height of the intake is 1.2 m, leaving sufficient space as dead volume;

e The efficiency of the turbine and pump is 0.85 and 0.80, respectively;

e Hydraulic losses account for 5% of the total head;

e Due to the limited space of the plateau and to avoid under-exploitation of the wind
turbines, four are selected for this case study (two large and two small);

e The distance between the wind turbines is 400 m;

e The penstock’s length and diameter are 910 m and 1 m, respectively;

The number of photovoltaic modules and the reservoir’s height are parameters that will be
determined through the system’s optimization.

5.2.1 Incorporating uncertainty in the simulation-optimization procedure

This thesis’ main goal is to underline the importance of uncertainty while designing an HRES. The
majority of uncertainties outlined in section 3.2 are included in the design optimization process,
namely the hydrometeorological series, the wind turbine manufacturer power curve, and the
wind turbine soft cut-out strategy. By incorporating multiple facets of uncertainty, we provide a
holistic view of a hybrid renewable energy system’s optimization.
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5.2.1.1 Wind turbine power curve

As mentioned in section 3.2.2, the manufacturer’s wind power curve derives from testing wind
turbines under stable experimental conditions. By adding endogenous uncertainty, we better
resemble on-site wind turbine behavior. To achieve this, we consider that the shape parameters
of equation 5.3 are random variables. Specifically:

e a~N(2.25,0.0225)
e b~N(20,0.016)

These parameters were defined so that the simulated power curve’s total average variation is no
greater than 15% compared to the manufacturers’. It is an acceptable variation, considering that
Lira et al. (2016) stated that power curve uncertainty is approximately 10%.

Moreover, the soft cut-out strategy is implemented to extend the power curves past the usual
cut-out speed (25 m/s). Enercon implements the “storm control” strategy for the operation of its
wind turbines in the high-speed region, stating, “the rated speed is linearly reduced starting at a
predetermined wind speed for each turbine type. Beginning at another turbine-specific wind
speed, the limitation of the turbine’s rated speed also reduces active power. The turbine only shuts
down at a wind speed of more than 34 m/s (10-minute average)”. Figure 18 depicts the storm
control strategy, where V1 is the cut-in wind speed, V2 is the rated wind speed, V3 is the beginning
of power reduction, and V4 is the cut-out storm control wind speed.

A With ENERCON storm control

Power

I I (I
Vi V2 V3 V4
Wind speed

Figure 18: Enercon storm control for wind turbine behavior in the high-wind speed region

To calculate the produced power of the wind turbines in the high-speed region (where ramp
control occurs), we assume the following formula:

Pyina = Brax — a(V = Veut—out) (5.7)
where,
P, axis the wind turbine’s nominal power (kW);

Veut—out 1S the cut-out wind speed (25 m/s);
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V is the given wind speed, ranging from 25-30 m/s;
a is the slope.

Similar to those mentioned above, we consider the slope a random variable to reproduce on-site
wind turbine behavior more accurately. Specifically:

e a~N(150,225) for the large turbines
e a~N(45,100) for the small turbines

Figure 19 & Figure 20 depict an example of the simulated power curves for each wind turbine.
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Figure 19: Example of a simulated power curve for Enercon E-44
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Figure 20: Example of a simulated power curve for Enercon E70-E4

5.2.1.2 Synthetic time series

Exogenous uncertainty in the simulated HRES is incorporated through synthetic time series, which
are produced with the anySim R package (Tsoukalas & Kossieris, 2019). AnySim provides models
for the simulation of univariate stationary and cyclostationary processes for various distributions,
generating synthetic time series with the desired marginal and stochastic properties. In this study,
exogenous uncertainty was introduced through the generation of synthetic wind speed and
energy demand time series that possess the same statistical properties as the historical data.

5.3 Methodology

This section provides an in-depth analysis of the simulated HRES by specifying the mathematical
equations that govern its operation, with a specific focus on the initial two-time steps of the
simulation, as the first step slightly deviates from the subsequent ones.

5.3.1 Setting up the simulation
In order to initiate the simulation, it is necessary to set the system’s initial conditions and define
some key parameters that influence its operation:

1. At the start of the simulation, we consider the reservoir’s storage to be approximately
83% of its maximum storage:

S
So = % (5.8)

2. The power capacity of the pump is calculated as follows:

Ppump MW) = maX(Pwind,total) — min(Pgemana) (5.9)
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This assumption is based on the observed data, and specifically on the fact that the maximum
energy surpluses occur when renewables produce the most energy and, concurrently, the power
demand is the least possible. This instance can occur during late night hours when there is no
solar radiation, which is why the latter is not included in equation 5.9.

3. Moreover, a constraint is being set for all time steps concerning the pump’s operation:
Ppump (MW) = min(Psurplusesr Ppump,nominal) (5-10)

4. The power capacity of the turbine is calculated as follows:
Pryrbine(MW) = maX(Pdemand) (5-11)

We assume that the maximum energy deficits equal the peak demand of all the generated
synthetic time series of energy demand. For reasons of consistency, the energy surpluses and
deficits will be expressed in terms of water volume.

5.3.2 Implementation of the simulation.

Firstly, the produced energy from solar radiation and the wind is calculated by extracting the
meteorological data from the time series for the given time step (equations 5.1, 5.3, 5.7). The
total energy production from renewables is defined as:

® _ p®) ®
Ptatal - Psolar + Pwind,total (5-12)
where,
®) —_ p® (®)
Pwind,total - Pwind,large * Nlarge + Pwind,small * Nsmall (5.13)
and
Pﬁ;d,lwe is the produced energy of a large wind turbine (kW);

Nigrge is the number of large wind turbines used (2);

p®

wind,smau 1S the produced energy of a small wind turbine (kW)

Ngmau is the number of small wind turbines used (2).

After the total energy production is calculated, it is compared to the power demand of the given
time to determine the operation of the pumped water storage:

p® _ p® _ p® (5.14)

Net — “total demand

o |If P,\(,?t > 0, there are energy surpluses;

o |If P,\(,?t < 0, there are energy deficits.

To elaborate further, the distinct scenarios of deficits and surpluses are described below.
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5.3.3 Pumped water storage operation during energy surpluses
In order to calculate the precipitation and evaporation, we must determine the reservoir’s water
level through equation 5.5:

s 4 62805

H(t) — total 5.15
(m) 78,793 (>1)
Where:
St(gt_all) is the reservoir’s available storage at the beginning of the given time step;

t is an index that acquires values ranging from 1 to the simulation’s total steps.

Once the water level is calculated, we utilize equation 5.6 to define the surface area. The surface
area will determine the volume of meteorological inflows and outflows. As meteorological
inflows, we consider rain:

VO, (m3) = AD (m?) « Rain® (mm) (5.16)
The rain volume to end up on the reservoir is calculated as follows:

y®

rain

(m*) = min (Smax — Sterats Vo) (5.17)

As meteorological outflows (losses), we consider evaporation:

79 (m3) = max (min (A(t) (m2) = Evaporation® (mm), sV + v _vy ) 0) (5.18)
evap = p »Ototal rain — Ydead ) :

Equation 5.18 outlines that the evaporation cannot be greater than the available water storage.
The dead volume is calculated through equation 5.5 for the given depth of 1.2m.

The reservoir’s surplus storage is defined as:

§®

surplus

(m3) = Smax — (St((t;t_all) + V(t) - Veg,tgp) (519)

rain
The volume of the pumped water is set as follows:

PO xn

Vp(gnp(mg) — min (S_S?rplus’w * 1000 * 3600) (5.20)
Yy * Hp

where:

y =9.81 kN/m3;

Nypump = 0.80 (as per section 5.2);

Hm = 1.05Dz, where Dz is the available head (m) (as per section 5.2).
At the end of the time step, the reservoir’s available storage is:

§®

tota

(%) = max (S& D + VD, + V9 — V5, Vaeaa) (5.21)

pump rain
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5.3.4 Pumped water storage operation during energy deficits

This section outlines the operation of the system during energy deficits. The methodology is
identical to the one described in section 5.3.3. Therefore, to define the reservoir’'s water level,
surface area, and meteorological inflows and outflows, we utilize equations 5.5, 5.6, 5.16, 5.17
and 5.18. In order to satisfy energy demand, the available head is utilized to produce hydro energy
through the turbines. The power of the turbine at the given time is defined as follows:

PLroa(MW) = min(Deficits®, Peyrpine) (5.22)

We can now calculate the volume of the water required to produce the power mentioned above:

® ;3 : t-1) , ,(® © Pyraq * 1000
Voroa(m®) = min | max (Stotal +Veain = Vevap — Vaeaa: 0) —T *3600 | (5.23)
ur n

where:

¥ =9.81 kN/m?;

Nyrp = 0.85 (as per section 5.2);

Hn = 0.95 * Dz, where Dz is the available head (m) (as per section 5.2);

The surplus storage and total storage at the end of the first step are set as follows:

®) _ (t-1) ® ®) ®

Ssurplus (m3) - Smax - (Stotal - Vprod + Vrain - Vevap) (5-24)
t t—1 t t t

Stgo%al(m3) = max (Sgotal) - Vp(rgni + Vr(agn - Veg;()zp' Vdead) (5.25)

5.4 Evaluation of the system

The techno-economic evaluation is a crucial step in the system’s development and
implementation, as it helps assess the proposed solution's feasibility and viability. The process
involves systematically examining the design's technical, economic, and financial aspects.

In order to assess the system’s feasibility and cost-effectiveness, we define essential economic
metrics (Table 3):

Table 3: Indicative cost of HRES' components

Component Cost
Excavation 6 €/m3
Waterproofing membrane 1.5 €/m?
Penstock 25 €/m
Wind power 1,200,000 €/MW produced
Solar power 1,100,000 €/MW installed
Wind turbine maintenance (annual) 0.015 €/kWh produced
Photovoltaics maintenance (annual) 1% of the initial cost
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To calculate the cost of the pumped water storage’s turbine and pump, we use the following
formula proposed by Aggidis et al. (2010):

C = Col®hP (5.26)
where:
Co = 14,400 €;
a =0.56;
B =-0.112;
I is the power capacity (kW);
h is the gross head (m).

All the components costs mentioned will be expressed in terms of annual installments according
to the following formula:

i1+
A= c—(1(+ ;n)_ : (5.27)
where:
nis the years;
Cis the total investment cost;

i is the interest rate.

For the mechanological equipment, we consider total depreciation in 10 years, whereas, for the
cost of all the works concerning the reservoir, we consider total depreciation in 20 years.

Another crucial metric for the system’s evaluation is its reliability. The reliability of an HRES can
concern both energy deficits and frequency aspects. The former metric refers to how much of the
total energy demand the HRES can cover, while the latter refers to the number of times the HRES
can cover that demand in a given time horizon. Both of the aforementioned metrics are expressed
in economic terms.

For the system’s economic assessment:

e Every MW of produced energy brings 300€ of profit to the system;
e Every MW of unfulfilled energy demand causes 350€ losses to the system.

We consider a logarithmic curve for the frequency facet of reliability to simulate the imposed
penalty (Figure 21). This curve can be tuned depending on the system’s desired level of reliability.
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Figure 21: Reliability penalty evolution

It is important to consider that all of the aforementioned evaluation metrics are dependent on
random variables, thus they are stochastic by default.
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6. Optimization of the model in the Rstudio environment

This section outlines the methodology of the system’s optimization, which was performed in the
Rstudio programming environment.

6.1 Input data

As a first step, time series of the prerequisite data for implementation of the simulation (wind
speed, solar irradiation, energy demand, evaporation, precipitation) are imported from MS Excel
spreadsheets into Rstudio as data frames (Figure 22). The time series provide 20 years of data in
an hourly time step (175,200 steps total).

solar_data<-read_excel ("Solar_data.xl1sx"
sun_data<-data.frame(solar_data

wind_data<-read_excel ("wind_synthetic.x1sx"
w_d<-data.frame(wind_data

Precip<-read_excel ("Precipitation.xlsx"
Precip<-data.frame(Precip

Evap<-read_excel ("Evaporation.x1sx"
Evap<-data.frame (Evap

demand<-read_excel ("Demand_energy_telikol.xIsx"
demand<-data. frame (demand

Figure 22: Importing the time series data into Rstudio
Other input data included in the simulation are outlined in section 5.2.

6.2 Functions used

All the equations defined in chapter 5 are included in the Rstudio environment as functions. Figure
23 portrays the analytical formula of the produced power of a wind turbine that implements the
soft cut-out strategy (equations 5.3 & 5.7).
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analytical_wind_speed v_wind,pmin,pmax,a,b,vmin,vmax,steps,angle
p<-rep(0,steps
1 1:steps

v_wind[i]>vmin v_wind[1]<vmax

plil=pmin+(1-(1-((v_wind[i]-vmin)/(vmax-vmin i b4 pmax-pmin
v_wind[1]>vmax v_wind[1 30

pl[il=pmax-angle[i v_wind[1]-vmax

p[i]l=0

Figure 23: Analytical power equation with soft cut-out strategy in Rstudio

The incorporation of uncertainty for the variables a, b, and the slope of the linear power
reduction in the high-speed region is presented in Figure 24, where “simsteps” equals the total
steps of the simulation.

a<-rnorm(simsteps,mean=2.25,sd=0.15
b<-rnorm(simsteps,mean=20,sd=0.4
angle_L<-rnorm(simsteps,mean=150,sd=15
angle_S<-rnorm(simsteps,mean=45,sd=10

Figure 24: Representation of uncertainty in wind power production

The wind speed reduction at the small wind turbine’s hub due to interaction is shown in Figure 25
(equation 5.4).

wind_speed_reduction_due_to_interaction v_wind,a,k,Distance,D_turb_large,steps
v_wind_red<-rep(0,steps
1 1:steps
v_wind_red[i v_wind[i 1-2*%a/((1+2*k*Distance/D_turb_large)A2

v_wind_red

Figure 25: Representation of wind speed reduction due to wind turbine interaction

The code for the reservoir inflows and outflows, as described in section 5.3, is shown in Figure 26
& Figure 27.
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H_reserv|[1l s0+6280.5) /78793

A_reservoir_m2[1 763.89%H_reserv[1]+74978
Rain[1]<-Precip[1]/1000*A_reservoir_m2[1

Evaporation[1 min(S0+Rain[1],Evap[1]/1000*A_reservoir_m2[1

i 1:steps
P_pump[i min(surplusses[i],max_pump_Mw

deficits[1]<0
V_prod[1l]<-min(S0+Rain[1]-Evaporation[1],-deficits[1l]/nturb/9.81/Hn*1000%*3600

V_pump[1]=0
Surplus_storage[1l Smax-(S0-V_prod[1

V_prod[1]<-0

surplus_storage[l smax-(S0-V_prod[1]+Rain[l]-Evaporation[l
V_pump|[1 min(Surplus_storage[1],P_pump[1l]*npump/9.81/Hm*1000*3600

v_equilibr[1]<-max(s0+v_pump[1l]-v_prod[1l]+Rain[1l]-Evaporation[1],v_dead

Figure 26: First step of the reservoir's hydrological simulation

i 2 :steps

deficits[i]<0
H_reserv[i V_equilibr[i-1]+6280.5
A_reservoir_m2[i 763.89%H_reserv[i 78
Rain[i min(Smax-V_equilibr[i-1],Precip[i]/1000*A_reservoir_m2[1i
Evaporation[i min(v_equilibr[i-1]+Rain[i],Evap[1]/1000*A_reservoir_m2[i
v_prod[i min(max(v_equilibr[i-1]+Rain[i]-Evaporation[i]-v_dead,0),-deficits[i]/nturb/9.81/Hn*1000%3600
V_pump [ 0
surplus_storage[1i smax-(V_equilibr[i-1]-v_prod[i]+Rain[i]-Evaporation[i
v_equilibr[i max(V_equilibr[i-1]+V_pump[i]-V_prod[i Rain[i Evaporation[i],0

H_reserv[i v_equilibr[i-1]+6280.5) /78793
A_reservoir_m2[i 763.89*H_reserv[i
v_prod[i 0
Rain[1i min(Smax-V_equilibr[i-1],Precip[i]/1000*A_reservoir_m2[1
Evaporation[i min(V_equilibr[i-1]+Rain[i],Evap[i]/1000*A_reservoir_m2[i
surplus_storage[i smax-(v_equilibr[i-1]-v_prod[i]+Rain[i]-Evaporation[i
V_pump [ min(Surplus_storage[i],P_pump[i]*npump/9.81/Hm*1000%3600
v_equilibr[i max (V_equilibr[i-1]+v_pump[i]-V_prod[i]+Rain[i]-Evaporation[i],0

Figure 27: Subsequent steps of the reservoir's hydrological simulation

Lastly, Figure 28 depicts the code used for the reservoir’s hydrological simulation for j individual
scenarios produced by the generated synthetic time series.
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deficits[i,j]<0

H_reserv([i,] V_equilibr[i-1,j]+6280.5

A_reservoir_m2[1i,j 763.89*H_reserv[1i,]

Rain[1i,] min(Smax-V_equilibr[i-1,j],Precip[i,j]/1000%A_reservoir_m2[i,]
Evaporation[i,jl<-min(v_equilibr[i-1,j]1+Rain[i,j],Evap[i,j]1/1000“A_reservoir_m2[i,J

V_prod[i,] min(max (V_equilibr[i-1,j]+Rain[i,j]-Evaporation[i,j]-V_dead,0),-deficits[i,j]/nturb/9.81/Hn*1000%3600
v_pump[i,j 0

Sur'p'lusl_storage i,3 smax- (V_equilibr[i-1,j]-v_prod[i,jl+Rain[1,j]-Evaporation[i,j

v_equilibr[i,j max (V_equilibr[i-1,j1+v_pump[i,jl-v_prod[i,j Rain[1i,] Evaporation[i,j]1,0

H_reserv[i,] V_equilibr[i-1,j]+6280.5) /78793

A_reservoir_m2[1,] 763.89*H_reserv[i,] 74978

V_prod[i,] 0

Rain[1i,] min(Smax-vV_equilibr[i-1,j],Precip[i,j]/1000*A_reservoir_m2[1,]
Evaporation[i,j]<-min(V_equilibr[i-1,j]+Rain[i,j],Evap[i,j]/1000*A_reservoir_m2[i,]
surplus_storage[i,]j smax-(vV_equilibr[i-1,j]1-v_prod[i,j]+Rain[1,j]-Evaporation[i,j

V_pump [1,j]<-min(Surplus_storage[i,j],P_pump[i,j]*npump/9.81/Hm*1000%*3600

v_equilibr[i,j max(V_equilibr[i-1,j]+v_pump[i,j]-v_prod[i,j]+Rain[i,j]-Evaporation[i,j],0

Figure 28: Subsequent steps of the reservoir's hydrological equilibrium for j simulations

6.3 Problem setting

The optimization of the hybrid renewable energy system is formulated as a single-objective
optimization problem. The flow chart describing the system’s operation and optimization is
presented in Figure 29. The system’s operation has been analyzed in section 5.3. The primary
problem variables are the reservoir height and the number of PV modules. Identifying the
optimum set of these variables requires defining an objective function representing the
minimization of operating costs and appropriately annualized installation costs. The system’s
reliability has also been expressed in economic terms in section 5.4. Thus, by optimizing the
system’s annual profits, we also achieve high reliability in covering energy needs.
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Figure 29: HRES optimization method flowchart
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6.4 Optimization method

For the system’s optimization, we utilize the evolutionary annealing-simplex algorithm
(Efstratiadis & Koutsogiannis, 2002) R-package “EAS”. EAS is a probabilistic heuristic global
optimization technique, combining the robustness of simulated annealing in rough response
surface with the efficiency of hill-climbing methods in convex areas. The input control variables
are the reservoir depth and the number of PV modules, while the objective function aims to
maximize the system’s annual profit. To perform the optimization, we define the interior lower
and upper bounds of the control variables as a vector and the maximum number of function
evaluations. For our case study, we set the lower bounds to be the vector (hreservoir, PV) = (1,100)
and the upper bounds as the vector (10,5000) to ensure that the project remains at a feasible
scale from a technical perspective. The number of evaluations was set to 100.
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7. Results of investigated scenarios

This chapter aims to present the results of the simulated scenarios. First, we analyze the HRES
sizing scenarios as proposed in the study of Katsaprakakis & Voumvoulakis (2018), which was the
motivation of this thesis. These are considered to be the baseline scenarios. Following this, we
present our proposed optimized baseline scenario based on the assumptions and methodology
of chapter 5. We then present the results of 100 stochastic-generated optimized scenarios.

7.1 Baseline scenarios

Katsaprakakis & Voumvoulakis suggested that the reservoir’s capacity would be 1,100,000 m?3,
then presented three distinct scenarios on the use of renewables. We further examine these
scenarios to determine the system’s overall reliability and economic feasibility:

e The first scenario includes 3 wind turbines of 2.3 MW nominal power each (6.9 MW of
wind park) along with 2 MW of PV modules;

e The second scenario includes 4 wind turbines of 2.3 MW nominal power each (9.2 MW of
wind park) along with 0.5 MW of PV modules;

e The third scenario includes 5 wind turbines of 2.3 MW nominal power each (11.5 MW of
wind park) and no PV modules.

The scenarios’ key characteristics and simulation results are summarized in Table 4:

Table 4: Summary of the key findings for the simulated scenarios

Scenario 1 Scenario 2 Scenario 3
Installed Wind Power
(MW) 6.90 9.20 11.50
Installed Solar Power
(MW) 2 0.50 0
Mean annual energy
from renewables 29.25 35.10 42.75
(GWh)
Mean annual energy
from PHS (GWh) 4.90 4,98 4.88
Reliability % 99.30 99.40 99.60
Mean annual profit (€) 911,000 760,333 546,700

All these solutions guarantee sufficient energy production, given that the expected annual
electricity consumption for 2020 was 18,86 GWh (Katsaprakakis & Voumvoulakis), and high
reliability. The simulated system results also confirm the conclusion of their study that the first
scenario is the most favorable from an economic perspective. However, all of the aforementioned
scenarios suggest excavating a 1,100,000 m3reservoir. Many technical and functional issues arise
with the introduction of such large-scale works. Thus, it is necessary for us to propose a baseline
scenario of a smaller-scale project while still maintaining high-reliability levels.

7.2 Proposed baseline scenario
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The key elements of the baseline scenario proposed in this thesis are outlined in chapter 5. This
scenario has been optimized in R-studio to maximize the mean annual profit while changing the
reservoir’s storage and number of PV modules. Its key results are shown in Table 5. The installed
wind power corresponds to 4 wind turbines, 2 of 2.3 MW nominal power each and 2 of 0.9 MW
nominal power each.

Table 5: Key results of the proposed optimized baseline scenario

Optimized proposed baseline scenario

Reservoir Volume (m?3) 315,195
Installed Wind Power (MW) 6.40
Installed Solar Power (MW) 1.09

Mean annual energy from renewables (GWh) 24.98
Mean annual energy from PHS (GWh) 4.69
Reliability % 94.76
Mean annual profit (€) 789,131
Capacity Factor
Photovoltaics 0.207
Small Wind turbines 0.304
Large Wind turbines 0.424
Pumped Water Storage 0.108

Comparing the results of our proposed optimized baseline scenario to the ones of section 7.1, we
notice that this system, with a reservoir capacity equal to less than a third of the one initially
proposed, continues to exhibit high reliability levels while maintaining the mean annual profit at
the same level. The capacity factor for each sub-system has also been calculated. The low value
of the pumped water storage’s capacity factor indicates that it is primarily used to cover the
energy hourly demand peaks. Figure 30 presents the fluctuation of the reservoir’'s storage
throughout the simulation.
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Figure 30: Reservoir storage fluctuation

7.3 Uncertainty scenarios

In this section, we present the results of the optimized system described in section 7.2 under
uncertainty. Specifically, 100 scenarios were optimized using the synthetic generated time-series
for wind speed and power demand. The statistical properties of HRES’ key metric, as well as the
10%, 50%, and 90% quantiles are summarized in Table 6. The installed solar modules correspond
to almost 1.7 MW of power for all the investigated scenarios. New metrics are being introduced
into the results, namely the number of PV modules and the mean annual deficit hours, in order
to provide a better understanding of the system’s operation for the different scenarios.

Following the presented results, we make the following observations:

e The HRES continues to exhibit high levels of reliability among the majority of the
optimized scenarios;

e The scenarios with larger reservoir volume exhibit higher levels of reliability, and,
therefore, higher mean annual profit.

e The pumped hydro storage has a relatively low capacity factor in all scenarios, indicating
that it is primarily used to cover the hourly energy peaks.

After comparing the quantiles of the simulated scenarios, it is understood that uncertainty
incorporation leads to significant variance in the reservoir volume, the mean annual energy from
renewables and the system’s reliability. Another important observation is the fluctuation of the
capacity factor values for the wind turbines among the scenarios. This highlights the significant
level of uncertainty that wind speed and power conversion processes introduce in wind energy
production.
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Table 6: HRES key metrics from the 100 optimized scenarios

Mean Standard = Coefficient 10% 50% 90%
deviation of variation Quantile Quantile @ Quantile
Reser":’r:a\)m'"me 329,882 53,370 0.16 400,282 323,278 274,583
Installed PV 4981 74.4 0.015 5000 5000 4981
Modules
Mean annual
energy from 24.24 1.90 0.08 26.78 24.43 21.86
renewables
(GWh)
Mean annual
energy from PHS 4.93 0.19 0.04 5.16 4.95 4.69
(GWh)
Mean annual
energy deficit 447 131 0.29 618 431 288
time (hours)
Reliability % 94.89 1.50 0.02 96.75 95.11 92.98
Meanannual /53, 55,052 0.40 959,029 669,924 315,269
profit (€)
Small wind
turbine capacity 0.292 0.033 0.114 0.339 0.295 0.252
factor
Large wind
turbine capacity 0.411 0.034 0.084 0.459 0.414 0.367
factor
Pumped water
storage capacity 0.089 0.006 0.096 0.096 0.090 0.082
factor

Moreover, the normal and log-normal distributions are fit to the optimal values of the reservoir’s
occupied height and mean annual profit. This is achieved by using the “fitdistrplus” R package,
which provides functions for fitting univariate distributions to different types of data (continuous
censored or non-censored data and discrete data), allowing different estimation methods. For our
data, we choose the moment-matching estimation method, which involves finding the values of
the model parameters that make the data's sample moments equal to the model's corresponding
population moments. Figure 31 & Figure 32 depict the density functions, while Figure 33 & Figure
34 present the cumulative density functions.

Lastly, a Gaussian copula is fitted to quantify the predictive uncertainty of the mean annual profit
and the reservoir’s occupied height with a coefficient of determination (R?) equal to -0.75, as
shown in Figure 35. Copula theory enables the construction of multivariate joint distributions with
arbitrary marginals. A copula can be utilized by both an engineer and a potential investor as a
decision support tool for system planning under uncertainty. In our case, we provide a correlation
between the mean annual profit and the reservoir’s occupied height with an 80% confidence level.

52



This way, for a given reservoir height, we can predict possible margins of the mean annual profit,
and vice versa.
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Figure 31: Fitting of Normal distribution to the set of optimized mean annual profit values
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Figure 32: Fitting of Log-Normal distribution to the set of optimized reservoir’s occupied height values
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8. Conclusions

8.1 Thesis conclusions

The purpose of this thesis was to investigate the impact of uncertainty in the planning of a hybrid
renewable energy system. Multiple facets of uncertainty (exogenous and endogenous) were
addressed in order to provide a comprehensive analysis.

Firstly, we provided an analysis of the components of an HRES and the interdependencies of its
sub-systems. Potential issues of uncertainty that must be considered during both the planning
and operation phases are also presented. These can either be of exogenous nature (i.e.,
meteorological processes and energy demand) or of endogenous nature (i.e., wind power
production).

Since the analysis of this thesis was built upon a proposed HRES in the island of Sifnos, including
a seawater pumped storage, we evaluate the proposed scenarios while also addressing technical
challenges concerning the use of seawater. The evaluation procedure is undertaken by
configuring an HRES operation model for an hourly-step analysis to simulate the aforementioned
scenarios, outlining the reservoir’s inflows and outflows, as well as its interdependency with
renewable energy production. We then suggest our own deterministic approach on the system’s
design.

Following this, we presented a single objective optimization problem of our proposed HRES based
on two control variables: the reservoir’s height and the number of PV modules. The system was
optimized under uncertainty based on economic and reliability criteria, which are briefly analyzed.
This was achieved through the use of an evolutionary annealing-simplex algorithm.

After comparing our deterministic system approach to the proposed baseline scenarios, we
conclude that our proposed system can exhibit high levels of reliability, even though it is of a much
smaller scale than the one initially proposed. We then proceed to conduct a more realistic analysis
of the system’s operation by incorporating uncertainty in 100 stochastic generated scenarios. The
optimization results revealed that incorporating uncertainty in HRES leads to significant variation
in the annual profit, the energy produced and its reliability. Lastly, we fit our key metrics to
statistic distributions to provide a better understanding of the simulations’ results and we use a
Gaussian copula to quantify the predictive uncertainty of the mean annual profit and reservoir
height values from the 100 optimized scenarios.

8.2 Future research perspectives

While the proposed system was investigated and optimized under uncertainty, we have identified
several issues for future research regarding the planning and operation of the HRES. These can be
subdivided in categories.

1. Designissues:
e The installation of floating photovoltaics on the surface of the reservoir could significantly
reduce evaporation losses.
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Issues related to the HRES operation model:

e In order to provide a more realistic approach on the operation of the pumped water
storage, it is beneficial to consider that the turbine and pump do not operate at a constant
efficiency rate.

e The effect of sea water on the equipment needs to be further investigated throughout
the system’s operation. This way, the hydraulic processes and calculations can be
conducted in a more accurate manner.

Further uncertainty issues. This study mainly analyzed uncertainties in wind power and energy
demand, thus other facets of uncertainty need to be further examined, such as:

e The uncertainty in solar irradiation (physical process);

e The uncertainty in solar power production (internal process);

e The uncertainty in the market of energy (dependent on socio-economic parameters).

Other research perspectives:

e In order to achieve high reliability over the lifespan of an HRES (approximately 20 years),
it is expected that there will be excess energy left unexploited when the upper reservoir
is full. Thus, it is encouraged to investigate whether that excess energy can be utilized.
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