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Abstract

The electricity domain in Europe has undergone significant changes during the last 30
years. The technological advancements of the last decades in the sector have
introduced new and effective methods of electricity production, and renewable
sources like wind and solar power have achieved a large-scale integration into most
of the continent’s energy systems. At the same time, most European nations are
continuously limiting the use of conventional sources for electric power generation,
considering their negative impact on climate change. They adopt energy policies based
on a low-carbon model of electricity production principally supported by renewables,
in an attempt to mitigate the consequences to the environment and enhance energy
security. In this thesis, we investigate the historical reforms in electricity components
and the transformation of these systems across 30 European countries. A key outcome
of this research is the formation of an energy identity for each nation, by examining
the composition of the power generation mix and total generation capacity. We also
study the evolution in the use of renewables for electricity generation and discuss how
the changes in the use of each energy source affect capacity factors. Finally, the
research provides useful conclusions about the effect of energy transition and the
continents’ economic growth on electricity markets.



Abstract in Greek

O TtopEnG TNG NAEKTPLKNAG eVEPyELaG otnv Eupwrmn €xeL UTIOOTEL ONUOVTLKEG
oAAayeg ta teAeutaia 30 xpovia. OLtexvoloyLkeG e€eAEEL TwV TeEAeUTAlWY SEKAETLWY
otov kKAAdo, €xouv €elLoOyAyEL VEEG KOL QTMOTEAECUOTIKEG HEBOSOUG TaPAYWYNG
NAEKTPLKAG EVEPYELAG KOL AVOVEWOLHEG TINYEG OTIWG N ALOALKA KAl N NALAKA EVEpyELa
€XOUV ETUTUXEL MLAL PEYAANG KALLOKAG EVOWMATWON OTO TIEPLOCOTEPO EVEPYELAKA
oUOTAMATA TNG NTtElpou. TauTtOXpoVva, TA TEPLOCOTEPA EVPWTIALKA KpATn TteEpLopilouv
OUVEXWG TN XPAON CUUBATIKWV TINYWV yla TNV Tapaywyn NAEKTPLKAG EVEPYELAG,
AapBavovtag umoyn TIG OPVNTIKEG ETIUTTWOEL] TOUG OTNV KALLATIKA aAAayn.
YL00€TOUV EVEPYELAKES TIOALTIKEG TTOU Bacilovtal o€ Eva LOVTEAO NAEKTPOTIAPAYWYNAG
XOUNAWV eKTTOUTIWY AVOpOKa IOV UTIOOTNPLZETAL KUPLWG ATIO AVOVEWGCLIES TTNYES, OFE
HLO TTPOOTIAOELA VOl LETPLACOUV TLG CUVETIELEG OTO TEPLBAAAOV Kal va EVICXUCOUV TV
evepyelakn achdAeLa. Ze autr tn SUTAWUATLKY SLEPEUVOULLE TLG LOTOPLKESG LETOBOAEG
OTLG OUVIOTWOEG TNG NAEKTPLKAG EVEPYELAG KABWG KoL TOV UETACKNUATIONO TwV
OUOTNUATWY NAEKTPLKAG evépyelag o€ 30 €UPWMAIKEG XWPEG. ATOTEAECUO TNG
gpeuvag elvalt n Slapopdwon HLAG EVEPYELAKAG TOUTOTNTOG ylo KABE KpdATog,
e€etalovtag tn ouvBeon TOu MElYHATOG NAEKTPOTOPAYWYAG KAl TNV OUVOALKA
EYKATECTNMEVN LOXV. MeAeTATaL ETtONG N €§EALEN OTN XPION AVOVEWGCLUWY TINYWV yLot
TNV mopaywyr NAEKTPLKNG EVEPYELAG KaL culnTeLToL WG OL LETABOAEG OTN Xprion KABe
TINYAG EMNPEATLEL TOUG OUVTEAEOTEG SUVALKOTNTAG. TEAOG, N €pEUVA TTAPEXEL XPNOLLA
CUUTTEPACUOTO OXETIKA WE TNV €MIdpacn TG €VEPYELOKAG UETAPBAONG KOl TNG
OLKOVOWLKAG QVATITUENG TNG NTIELPOU OTLG AYOPEG NAEKTPLKAG EVEPYELAG.



Extended abstract in Greek

Avtikeipevo tng mapoloag epyaciag amoteAel n peAETn kat afloAoynon Twv
LOTOPLKWYV LETABOAWVY 0€ BACLKEG CUVLOTWOEG TNG NAEKTPLKNG EVEPYELAG TNV EupwTn.
ZUYKEKPLMEVQ, VYIVETAL ML EKTEVAG OVAOKOTINON TwV OoAAOYyWV OTOV TOMEQ
AapBavovtag unoYv diadopa XapaKTNPLOTIKA, OMWG N NAEKTpOTAPAYWY KAl N
EYKATEOTNMEVN LoXUG o€ 30 EUupwTaikEG XWPES KOl KAAUTITOVTAG Lot XPOVLKN TIEPLod0
TPLWV SEKAETLWV.

H nAektpikn evépyela amoteAel onpepa Baotko ayabo Kol avamoomaoTo OTOLXELD
™G KaBnuepwvotntag tou avlpwrmou, Kabwg KAAUTTEL €va PEYAAO €UPOG TWV
avaykwv Kot Spaoctnplotitwyv Tou. Ol E€YKOTOAOTACEL] TOPOYWYNG EVEPYELAG
XpnolwLomololv éva €upl ACUO TEXVOAOYLWV KOl TIPWTOYEVWV TINYWV yLa
nAektpomapaywyr. OL TPWTOYEVELG TINYEG EVEPYELAG UMOPOUV va SLakplBouv o€ Tpeig
BaoLkEG KATNYOPLEG, TIG CUMPBATIKEG TINYEG, TOL AVAVEWOLLA KAL TOL TIUPNVLKAL.

Ot oupPatikéG LOpdEG EVEPYELAG, ATTOTEAOUVTAL OO OPUKTA KAUGLUA OTIWG TO
TETPEAQLO, TO PUOLKO OEPLO KOL OL YyOLAVOPAKEG KAl ylot TO HEYOAUTEPO UEPOG TNG
avOpwrivng otoplag xpnowomolouvtav wg n Kupla mnyR ywa thv kaAvdn twv
EVEPYELAKWY aVOYKWVY. OEwpPoUVTaL N OVAVEWOLUEG TINYEG Kabwg Ppilokovtal oe
TIEMEPACUEVEG TIOCOTNTEG OTN YN KoL 0 pUBUOG avaveEwong Toug -Tng Ta&ng MoAAWV
eKOTOMMUPpiwy €Twv- Sev elval ouykpilolwog pe TNV avBpwrivn kKAlpoka. MExpl
ONUEPQ AMOTEAOUV TOV TILO €UPEWG SLadeSopuévo TPOMO TAPAYWYAS NAEKTPLKAG
EVEPYELAG TIOYKOOUIWG, UETOTPEMOVTAG TN OepULkn €VEPYELX amd TNV KAUon Twv
OPUKTWV KOUGCIWV 0€ NAEKTPLOUO.

AvtiBeta, avavewolpeg xapaktnpilovtal oL LopdEG EVEPYELOG TIOU TIPOEPXOVTOL
and Puokeg Stadikaoieg, kal Twv omoiwv Bactkd xapakTnELOTIKO eival n Slaxpovikn
avaveéwon kat SLaBeoUOTNTA OE MLKPEG XPOVIKEG KALMOKEG HE QTMOTEAECUQ VO
BewpolvTal MPAKTIKA aveEAVIANTEG. Z€ AUTEG tepAapBdavovtal N nALaKn, N atoAkn
Kal n ubponAekTpLKn eveépyela, n yewbepuia, n Blopdla, n EVEPYELA TTIOU TIPOEPYETAL
and tnv MaAippola kal toug BaAAoCLOUG KUMOTIOMOUG K.a. XOPOKTNPLOTIKO TwV
TIEPLOOOTEPWY AVOVEWOCLUWV Elval n KN eAeyXOUEVN TTapaywyn evépyelag, kabwg o
avtiBeon pe TG CUUPATIKEG MOPDEG EVEPYELOG, N Tapaywyn €§aptatal amo Tig
Slakupavoels otig puolkeg Slepyaoieg Omweg n umapén NAtodpAavelag r n ToaxUTNTA TOU
avépou. E€aipeon amoteAel n yewBepuia, n Bopdla kabwg kal to pHeyAAa
vdponAekTplkd €pya pe duvatdtnta anobrkeuong Tou vepou.

TéENOG oOTa TUPNVIKA, N TOPAYWYN EVEPYELAG YIVETAL HEOW TUPNVLKWV
avTLOpAcEwWVY oTa ATopA PASLEVEPYWV XNILKWY OTOLXELWV OTIWE TO OUPAVLO, KATA TLG
omoleq €eKAUOVTOL ONUOVTIKEG TOOOTNTEG OepUOTNTOG TOU  OTn  CUVEXELX
HETATPEMOVTAL OE NAEKTPLOUO.



H xprion cupBatikwv Tnywv otnv nAektpomapaywyr €ival MOAU €KTETOUEVN
onuepa, kabBwg gival pia oxetikd ¢pOnvA nEBodog mapaywyng NAEKTPLKNAG EVEPYELAG,
KOl TO YEYOVOG OTL SV €§aPTATOL ATIO KOLPLKEG KAl KALLOTIKEG OUVONRKEG TNV KaBloTd
e€alpetikd aflomotn. Ma to AOyo QUTO, TA OPUKTA Kauolda Kol Ldlaitepa ot
yoavOpakeg, eival apketd SnUodAelc TNYEG NAEKTPLKAG EVEPYELOG Kal TIOAAEG
Eupwrnaikég xwpeg eaptwvtal oe peydAo Babud amd autd yla thv KGAuyn twv
EVEPYELAKWYV TOUG avayKwv. NMapoAa autd n Xprion OpUKTWY KAUGTLWY EXEL APVNTLKO
avtikturo oto mepBarlov, adou n kavon Toug ameAeuBepwvel otnv atpuoodalpa
TEPAOTLEG TOOOTNTEG AEPiWV UTIELOBUVWYV YL TO PaLVOpEVO TOU BEpOKNTILOU OTIWG TO
6o0&eiblo tou avOpaka kol plo oelpd GAAWV aTUOodALPIKWY PUTIWV TIOU €XOUV
anodeBel eruPAaBeicyla tnv vyeia. Ztov avtinoda, oL AVOVEWGCLEG TINYEC -OL OTIOLEG
TIOAAEG DOPEG XapaKTNPL{ovTaL WG ATILEG- EXOUV EAAXLOTO £WG UNOEVLKO QMOTUTIWHA
avOpaKka Kal EKTTOUMWY GAAWV PUTIOYOVWV OEPiwY, KABLOTWVTOG TEG £TOL KAOAPEG

HopdEG eVvEPYELAG.

Ta mapamndvw, o€ cuvluaopO HE TG Taxeleg €€eAifelg kal BeATLwoel otnv
TEXVOAOYLOL TWV AVOVEWOLHWY, KOl EL8LKA TNG NALOKAG KAl TNG OLOALKAG EVEPYELAG,
€xouv 0bnynoeL oto otadlakd TEPLOPLOPO OTN XPNON OPUKTWV Kauoipwv. Ot
TEPLOCOTEPEC Eupwmaikég xwpeg av dev to £xouv 6N mpatel, Beomilouv KAVOVEG Kot
€PAPUOLOUV VEEC EVEPYELAKEG TIOALTIKEG METOTOTOUEVEG TIPOG EVA  MOVIEAO
NAEKTPOTIAPAYWYNG TTOU OTNPLIETAL OTLG AVOVEWOLHEG TTNYEG, AUEAVOVTAG LEPA LIE TN
HEPA TO TTOCOOTO EVOWHATWONG TOUG OTO EVEPYELAKO UElYHa O€ pLa tpooTtdBeLa va
HETPLAOOUV TIG ETUTTWOEL TNG XPAONG TWV CUMPBOTIKWY TINYWV EVEPYELAG OTNV
KALLOTIKA o0AAQYA.

Ztnv mapovoa SUTAWUATLKA, SLEPEVVWVTAL OL TTOPATIAVW METABOAEG KABWG KaL N
ETPpPON Toug o€ SLADOPEG CUVIOTWOES TNG NAEKTPLKNG EVEPYELAG OTIWG TO EVEPYELOKO
HElyHa, n TATNON A N €YKATECTNUEVN LOXUG. ApXLKA, SnuLoupyeital éva evePYELAKO
TiPodiA yLa KABE pia amo TG uTto peAetn xwpes (EE-27, NopBnyia, loAavdia, Hvwpévo
Baoilelo), oto omoio anotuntwvetal n e§€ALEN Tou evepyelakoL TG KAASou HEow Twv
oAAaywv oto pelypa nAektpomapaywyns. H Ewkdva 1, mapouotdlet tig aAlayEg 6oov
adopd TN XPRon TNG EKACTOTE TNYNG evépyelag otnv EAAASQ, oL omoieg eivat
EVOELKTLKEG TWV OVTLOTOLXWV HETAPOAWYV OTLG TEPLOCOTEPEC XWPEG TNG Eupwrng. Elvatl
eudavig SnAadn, n LeyaAn Helwaon oTn XPHoN OPUKTWY KOUGCLUWVY: GUYKEKPLUEVA YLoL
TN XWPA HAG TPAKTIKA N KOTAPYNon Tou TIOAU PUTOYOVOU Alyvitn Kal N MEPLKA
ovTlKaTAoTaon tou amnod to ducoiko agplo. Tautoxpova, Stakpivetal n paydaia avénon
0TN CUMMETOXA TWV OVAVEWOCLUWY, KoL KUPLWG TNG ALOALKNAG KAl NALOKAG EVEPYELAG
otnv mapaywyn oiwg petd to 2000 kat to 2010 avtiotola, aAAd KoL 0TV GUVOALKN
EYKATECTNMEVN LOXV TNG Xwpag (Ewdva 2). Ailel va avadepBel mwg to idlo mepimou
HoTiBO avTKATAOTOONG TWV CUMBATIKWY LOPPWVY OO AVAVEWGCLUES EVIOTIIETAL OTO
MEYOAUTEPO PEPOG TWV EUpWTAIKWY KPATWVY TTOU LEAETALE.
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Electricity Mix of Greece
(Produced Electricity by Source, in TWh)
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Ewova 1: Mapayouevn nAektpikn evépyeia otnv EAAada ava ntnyn ano to 1990. H kOokkivn
ypauun vnobdeikvoeL Ty {ntnon.

Generation Capacity in Greece
(Total installed capacity in GW)
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Ewkova 2: Eykateotnuévn Loxus otnv EAAada ano to 1990.

ITn OUVEXELQ, LEAETATAL QUTOTEAWG N TMEPLMTWON TWV OVOVEWCLUWY TINYWV
Kall ylvovtal oL anapaitnTeg CUYKPLOELS LE OKOTIO TNV AMOTUTIWON TWV HETABOAWYV O€
OPOUC EYKATEOTNUEVNG LOXUOG KOL TTApOoywyn G NAEKTPLKNG EVEPYELAC OE Uia XPOVIKN
nieplodo 30 etwv. H Stepelivnon yivetal t0co uno To pilopa KABe Tnyng xwplota -
ETUKEVTPWVOVTAC TNV UEAETN OTA USPONAEKTPIKA, TNV NALOKN KOL TNV OLOALKA
EVEPYELO- 00O KOl Ot €minmedo avaveEWOIUWY OUVOALKA. Omw¢ Slakpivoupe otnv
Ewkova 3, to 2021 oL eykatootaoel mou PBooilovtal O QVAVEWOLUEG TINYEG
amoteAovoav MAVW amod TN Lo OUVOALKN E€YKOTECTNUEVN LOYXU OTLG UTIO UEAETN
Eupwnaikég xwpeg, oe avtiBeon pe to 1992 omoU KAAUTTAV HOALG TO €val TETOPTO
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QUTNG, AVTIKABLOTWVTAG OE ONUOVTLIKO BaBud T000 T OpUKTA KOUGLUO 600 Kal T
TIUPNVLKA, TWV OTOlwvV N OUVOALKA oXUC HELwOnke abpoloTtikd amd 1o 76% o€
Alyotepo amnd 50% péoa oe pia mepiodo tplwv dekaetiwv. H Kuplapxki taon Twy
OVOVEWOLUWY OTOV TOMEN €lval To (610 epudavng Kol o 0OpouC NAEKTPOTAPAYWYNG,
KaBwg oo TLg apxeG tnG Sekaetiag Tou 2020 Kol EMELTA, TO LEYAAUTEPO TTOGOOTO TNG
TIAPAYOUEVNG NAEKTPLKAG EVEPYELOG TIPOEPXETAL OTMOKAELOTIKA OO QVOVEWOLUES

TINYEG.

Share of each source in Generation Capacity Share of each source in Generation Capacity
(1992) (2021)

Nuclear

Nuclear 10%
20% Renewables

24%

Renewables

Fossils 52%

38%

Fossils
56%

Ewkova 3: ZuvoAlKn EyKaTeOTNUEVN LOXUG ava ninyn eVEpyelag os 30 Eupwnaikés YWPES TO
1992 kou t0 2021.

AtileL va onpewwBel otL n paydaio avgnon otn Xxpron Twv AVOVEWCLUWV
TINYWV YLOL TNV Tapaywyn eVEPYELAG, Yivetat opath yLa mpwtn ¢opd LETA Ta LECA TOU
2000 kat opeileTal AlyOTEPO oTA USPONAEKTPLKA -TWV OTOLWV N LoXUG KoL mapaywyn
TIAPEPELVAV TIPOKTIKA OPETABANTEG- KoL TIEPLOCOTEPO OTNV €KOETIKN avamtuén tng
NALOKAG KaL TNG OLLOALKAG EVEPYELAG KAL TNV TAXELO EVOWUATWON TOUG 0T NAEKTPLKA
Siktua tng kKABe xwpag.

Tautoxpova, PeAETwVTAL Ol HETAPBOAEC OTOUG OUVTEAEOTEC SUVAULKOTNTOG,
6nAadn oto Adyo petal TG mapayOUeVNG NAEKTPLKAG EVEPYELAG TIPOG TN BewpnTLKA
péylotn mou Ba umopoloe va mapaxBel pe BAacn TNV EYKATECTNUEVN LOXU O éva
OUYKEKPLUEVO XPoVIKO Sldotnua (ouvnBwe avadépetal oe etnola KAipaka). H
Slepevvnon yivetal mAAL TO00 o€ eMINESO MPWTOYEVWY TINYWV EVEPYELAG 00O KOl
oUVOALKA. O ouvteAeoTg SuvaukotnTag ival évag xprRolpog Seiktng mou pnopet va
HETPAOCEL TNV AndSoaon KoL TNV AMOTEAECUATIKOTNTA, KL KATA KATIOLO TPOTO AmOTEAEL
TNV TOUTOTNTA EVOG EVEPYELOKOU €PYOU N TINYAG EVEPYELAG OUVOALKA. Mrmopel va
ennpeaotel amd Swddopoug mapdyovie¢ OmMwG To €idog TOU oTOBUOU
NAEKTPOTIAPAYWYNG A N TPWTOYEVAG Tinyn €VEPYELaG. AMNOL TAPAYOVIEG TIOU
ennpedlouv Tov ouvieAeot Suvapkotntag eival ot SLakomeg Asttoupylog Ttwv
otaBuwv mapoaywyns (MPOypOoUUATIOMEVEG WE OKOTO T OUVIAPNON Kal ToV
avepodlaopd, anpooueves BAABEG KATTL.) Ko KUPLWG ETILXELPNOLOKES ATOPATELG TTOU
adopouv tn Aettoupyia kat cuvdéovtal o€ PeYAAO BaBUO e TNV EVEPYELAKT) TIOALTIKN
TIou akoAoUBEel KABe xwpa amevavtl otn xprion kabe popdng evépyeLag.
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OL avVaVEWOLUEG TINYEG, KOl LOLaitepa oL N EAEYXOUEVNG TTOPOAYWYNG OTIWG N
QLOALK KoL N nAlOKA €VEPYELa, Telvouv va €XOUV ONUAVIIKA XAUNAGTEPOUG
OUVTEAEOTEG  Suvopkotntag, Kuplwg Adyw tng petafariopevng ¢uong Ko
SlaBeopuotnTag TOoUuG. AVtiBeTa, 0T OPUKTA KAUGOLUA KOL OTNV TIUPNVLKI EVEPYELA OL
OUVTEAEOTEG  SUVAULKOTNTAG napouclalouv  aloOnTd PeEYAAUTEPEG  TLUEG.
ZUYKEKPLUEVQ, OTOUG TIUPNVLKOUG avTLOpAOoTAPEG, OL TIMEG €lval OPKETA HEYAAEG
kaBwg n Aettoupyia eivat oxedov cuvexng Kal o€ PeEyLotn LoxV. Ol Beppkeg povadeg
TIAPAywWynG TIOU AELTOUPYOUV WE OPUKTA KaUOLHa €xouv e€miong HeyAaloug
OUVTEAECTEG, WOTOOO HLKPOTEPOUC ATIO TA MUPNVIKA KaBw¢ pmopel va Aettoupyouv
elte pe pelwpEVN oYL (vl €pya Baong) elte yla HKkpOTEPO XPOVIKO Stdotnua (yLa
€pya axung). Ztnv Ewkova 4, Stakpivovtal ol HEoOL CUVTEAEOTECG SUVAULKOTNTAG OV
TINYN EVEPYELAG OTL UTIO UEAETN XWPEG MeETaly 1992 kat 2021. Mmopolue va
CUUTEPAVOUUE OTL N HELWON TWV TLHWV TWV CUVTEAECTWV SUVOHLKOTNTAC OTA OPUKTA
KaUoLa odpelAETAL OTNV ONUAVTLKA HElWON TNG TOPAYWYNG NAEKTPLKAG EVEPYELAG ATIO
LN OVOVEWOLUEG TINYECG, EVW TAUTOXPOVA, N aUfnon TwV TIUWV oTa NALOKA KoL oTa
aoALka Baciletal otnv avamtuén vEwv TexvoAoylwyv ou audavouyv tnv anddoon twv
OUYKEKPLUEVWV CUOTNUATWV.

Change in Capacity Factors by Source
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Ewkova 4: M£ooL oUVTEAEOTEG SUVAULKOTNTAG ava tnyn eVEPYELaG o€ 30 Eupwmaikeg
Xwpec puetav 1992 kat 2021.

ABpoLOTIKA, 0 CUVOALKOG CUVTEAEDTHG SUVALKOTNTOG EXEL TTOPOUCLACEL pia
onuavtiky pelwon otilg mepLocotepeq Eupwmaikég XWPES Katl Onwe daivetal otnv
Ewkova 5, 0 HE0OG CUVTEAEDTHG SUVOHLKOTNTOG EXEL LETAKLVNOEL Qo TLUEG KOVTA OTO
0,45 to 1990, oe TWWEG pKpOTEPEC Tou 0,35 oTig apxEG tng Sdekaetiag tou 2020. H
Helwon odeiletal Kupilwg -kat yivetal epdavrg LETA TO TPWTO KLOO TNG SEKAETLAG TOU
2000- otnv paydaia avfnon tng CUVOALKAG EYKATECTNUEVNG LOXUOG TNG NTElpou,
(LEOW TNG EVOWMATWONG TWV ALOALKWY KAl NALOKWY) EVW N Tapaywyn NAEKTPLKNAG
EVEPYELAG TTAPEUELVE OXETLKA oTOOEPN.



Change in the Average Total Capacity Factor
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Ewkova 5: Méoog¢ ouvoAikog ouvtedeotrc Suvautkotntag o 30 Eupwnaikeég xwpeg uetaév
1992 ko 2021.

210 TENOG TNG MOpPOUCAG Epyaciag, YIVETAL pio oUVTOUn OVAOKOTINON TWV
OLKOVOULKWV TNG NAEKTPLKAG evEpyelag otnv Eupwmn, e€etdaloviag TOV QVIIKTUTIO
Baolkwv olkovoplkwy Selktwy onwg to Akabdploto Eyxwplo Mpoidv oe Stadopeg
OUVIOTWOEG TNG NAEKTPLKAG €EVEPYELAG Kal Olepeuvwviag tnv emnidpaon g
OLKOVOULKAG avamtuéng tng Eupwmnng otig TWEG TNG NAEKTPLKAG EVEPYELAG.
JUYKEKPLUEVA, €EAYOVTOL CUUTMEPACUATA OMWE N AUECn oxéon METAEL TOU KaTA
kedaAnv AEN kat tng mapaywyng NAEKTPLKAG EVEPYELAG OTLG TIEPLOCOTEPEG UTIO LEAETN
XWPEG -HE EAAXLOTEG EEALPETELG- OTIWG BAEMOUUE otV Elkova 6.

GDP per capita - Electricity Production Correlation
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Ewkova 6: Zuoyétion petaél kata ke@aAnv AEl kot nAeKTpontapaywync o€ EMAEYUEVEG
Eupwrnaikég ywpeg.



Tautoxpova, n petafoAn tou katd kedaAnv AEM daivetal va emnpedlet Kal
TLG TLUEG TNG NAEKTPLKNG EVEPYELAG oTNV Eupwrin kaBwg omwg dpaivetatl otnv Ewkdva 7,
UTTAPXEL TTOAU Loxupn BTk cuoxétion Hetafl twv dVo. E€dyoupe emopévwg To Katd
TO AAAQ AVOLEVOLLEVO CUUTIEPACA, OTL OL TLUEG TNG NAEKTPLKN G EVEPYELOG CUVSEOVTOL
QUECA LE TNV OLKOVOULKA avarmtuén otnv Eupwnn. H abénon tou katd kepaiiv AEMN
obnyel oe avénon TG INTNONG NAEKTPIKAG evépyelag Adyw tnNg udnAdtepng
Blopnxavikng dpaotnplotntag Kat Tou BeATLWHEVOU BLOTIKOU ETLITESOUL, YEYOVOG TTOU
o6nyel teAkd o€ Avodo TWV TLUWV TNG NAEKTPLKAG EVEPYELAG.
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Chapter 1: Introduction

1.1 Research objectives

The electricity domain in Europe has undergone significant reforms during the last 30
years. For the largest part of the European history, combustible fuels were a key
determinant in the power generation and supply industry, and their use was and
remains extensive because it is a cheap and effective way of producing electricity.
However, the usage of fossil fuels has a negative impact on the environment. The
burning of combustibles, releases into the atmosphere huge amounts of gases
responsible for the greenhouse effect, like carbon dioxide (CO2) and a variety of other
air pollutants, thereby contributing to climate change. Hence, European countries
have taken measures and have modified their energy strategies, by seeking cleaner
substitutes for fossil fuels in an effort to mitigate the consequences of climate change
to the environment.

For a long time, hydropower and nuclear power were the only low-carbon sources of
electricity present in the electricity grid. However, the technological advancements of
the last decades in the sector have introduced new and effective methods of
electricity production, and renewable sources (e.g. wind and solar) have achieved a
large-scale integration into the continent’s energy system. This, along with the
favourable policies, regarding carbon-neutrality, followed by most nations has led to
an explosive growth of renewables and triggered a series of changes in electricity
components across Europe.

This thesis investigates the evolution of the electricity domain in Europe during a
period spanning from the early 1990s, when the only widely used renewable source
was hydropower, to the early 2020s, observing the rise and fall of variables and
combustibles respectively.

The main objectives of this research are outlined as follows:

1. Provide a comprehensive overview of the primary sources used for electricity
generation,

2. Outline the changes in the composition of the electricity mix of each European
country,

3. Investigate the incorporation of renewable energy into the energy systems,
Discuss the effects of the changes in energy policies on capacity factors,

5. Outline the impact of energy transition and economic growth on electricity
markets.



1.2 Thesis structure

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

The second chapter provides a literature overview of the history of electric power
including basic methods and primary sources used for electricity generation, along
with a description of the electricity markets in Europe.

In the third chapter, we create an energy identity for a large number of European
countries by providing information about the historical reforms in the composition
and the evolution of each country’s electricity mix and total generation capacity.

The fourth chapter is dedicated exclusively to the changes in the use of renewable
energy sources for electricity generation.

The fifth chapter investigates the changes in the capacity factors of each separate
electricity source and in the total capacity factors for many European countries.

The sixth chapter includes a brief review of how basic economic indicators like GDP
affect electricity components and how Europe’s economic growth influences
electricity prices.

The seventh chapter summarizes the conclusions and the future perspective of the
research.



Chapter 2: Literature overview

2.1 About electric power

Power P is the amount of energy E that is transferred divided by the unit of time t. In
the Sl (International System of Units) the unit is the Watt (W) that equals to one Joule
(J) per second (s). Analyzing further the Joule to the Sl base units, the Watt equals to:

N-m kg - m?
1w=1l=1 =1-9
S S s

Therefore, Electric Power can be defined as the rate at which the energy is transferred
throughout an electrical circuit. It is produced by an electric current / passing through
an electric potential V measured in Amperes (A) and Volts (V) respectively:

The flow of the charged particles through an electrical conductor, known as the
electric current, can be distinguished in two different types, the direct current (DC)
and the alternating current (AC). Direct current (DC) occurs when the flow of energy
has a constant direction, and the voltage has the same value over time. On the other
hand, in alternating current (AC), the direction of the flow changes periodically from
positive to negative, and the voltage is constantly switched accordingly. Direct current
is usually used in batteries, electronic devices and specific industrial applications,
while alternating current is the main method of delivering electricity via transmission
lines to domestic and business consumers (Article, MPS, n.d.).

Direct Current (DC) Alternating Current (AC)

Voltage

v

Voltage »
Time Time

Figure 2.1: Voltage change over time in direct (DC) and alternating current (AC).

As a form of energy, electric power is usually generated by the convention of other
types of energy into electrical, using devices known as electric generators, while the
production of electricity takes place in facilities known as power stations -or most
commonly- power plants (The Editors of Encyclopaedia Britannica, 2024).



2.2 Methods of electricity generation

The majority of the worldwide generated electricity comes from generators that are
based on the 1820s and 1830s discoveries of the British scientist Michael Faraday.
According to Faraday’s experiments, electric current was created through a loop of a
conductor - usually a copper wire - known as a “Faraday disk”, by the rotation of the
loop around the two opposite poles of a magnet (U.S. EIA, n.d.). This prototype
method, which utilized the properties of magnetism to produce electricity by
transforming the mechanic (kinetic) energy of the disk, led gradually to the design of
the modern electromagnetic generators used today for most of electricity production.

Currently, apart from electromagnetic generators, other ways of electricity generation
include photovoltaic systems that use the photovoltaic effect to transform the
sunlight into electric power, electrochemical applications which produce electricity via
chemical energy etc.

2.2.1 Turbine based generators

As already mentioned, most of the power generation facilities today are using
electromagnetic generators to produce electricity. The architecture of these
generators has arisen from the early Faraday disks; they consist of a large rotating
electromagnetic shaft in the middle -named a rotor- which is surrounded by a series
of separated wire foils that form a large, fixed cylinder, the so-called stator. The
rotation of the shaft creates an electric current in each one of the cylinder’s foils,
which are then combined and form a larger current (U.S. EIA, n.d.). The produced
electricity then is ready to enter the grid, and to head to the consumers.

kinetic energy source turbine electric generator electricity to consumers

steam

combustion gases

\ \\\\w‘ '

rotor  rotor shaft stator

flowing water

@ “+1 7%

)
Source: U.S. Energy Information Administration cla’

wind

Figure 2.2: Electricity generation sequence from an electric turbine.

These electromagnetic generators are designed to utilize the kinetic energy of the
rotor and transform it into electric power, so they need to be driven by a turbine. The
turbine based generators use a moving fluid -most commonly steam, water, or air- to
push a series of blades that are attached to the electromagnetic shaft. The force that
acts on the blades leads to the rotation of the rotor, thus gaining kinetic energy which
is then transformed into electricity. The most common types of turbines are steam,
hydroelectric and wind turbines which use the steam flow, water and airflow to
operate, respectively.



Steam turbines are the most used type of turbine, and they generate the largest
percentage of electric power of any other type of turbine. The power plants that use
this type of turbines are equipped with boilers where fuel is burned to heat up the
water and produce steam (U.S. EIA, n.d.). Then the steam is used to feed the turbine
that moves the generator. The fuel that is been used in these facilities ranges from
combustible fuels like coal, oil, or natural gas, to nuclear fuel in the nuclear reactors.
Many geothermal power plants also use steam turbines.

Exhaust
stack

generator
Steam turns ~ ~,
turbine [

Turbine spins

Heat turns
water into
steam

Steam
cooled into
liquid

Figure 2.3: Steam turbine operation diagram

Hydroelectric turbines use the force created by the motion of the water to rotate the
blades and spin the electromagnetic generator. They frequently utilize stored water,
found in reservoirs, and taking advantage of a height difference they convert the
mechanical energy of the water to electricity. In other types of hydroelectric plants,
the turbines run directly on the river and with little to no storage capability, they
generate electricity based on the water flow at the specific moment (U.S. EIA, n.d.).

Generator
=

—JGenerator Shaft
Ty
. \rurbine

Turbine *

Turbine Blades

Figure 2.4: Water operating turbine

In wind turbines, the power to rotate the blades that drive the generator is found in
the airflow of the wind. The wind turbines are distinguished into two different
categories based on the direction of the axis of the rotor (U.S. EIA, n.d.). These are



the vertical-axis and the horizontal-axis turbines, with the last ones being the most
frequently used.

2.2.2 Photovoltaic effect

The photovoltaic effect is a phenomenon that occurs in the photovoltaic cells, thanks
to which it is possible to produce electricity by sunlight. It was discovered by Edmond
Becquerel in 1839; while he was doing experiments in solar cells, he found out that an
electric potential was created when the cell plates were exposed to sunlight
(Photovoltaic Effect - Energy Education, n.d.).

The effect takes place inside the photovoltaic cells. The cells are metal sheets
comprised of two layers of semi-conductor materials. The two distinct layers (one of
them is p-type and the other n-type) are joined together and create a junction. The p-
type layer is positively charged while the n-type is negative. After unified, an electric
field is created between the two layers and the negatively charged electrons move to
the positive p-type layer.

Sunlight

n-type Material

p-n Junction

.l -
Pl p-type Material
\t Photons
T Electron
Flow
[-X-X-)
©0 0

Hole
Flow

Figure 2.5: A diagram showing the photovoltaic effect.

Solar Panel

Sunlight is composed of photons, a form of solar radiation, which are practically solar
energy. When the sunlight hits a solar cell, some of the photons pass through the cell,
some are reflected by the surface and only a small portion is absorbed by the semi-
conducting materials. These photons, when in proper quantity, transfer energy to the
electrons which then tend to move through the junction towards the n-type material,
and an electric potential is formed between the two layers. If connected to an
electrical circuit, the solar cells transform the energy of the sunlight into electric
power (Energy Education, n.d.).



Practically, solar cells convert solar energy to electricity. This method is widely used
today, and solar power plants are one of the fastest growing ways of producing
electricity nowadays.

2.3 Sources of electricity

The power production facilities, use a wide range of energy sources and technologies
to generate electricity. These can be distinguished into three main categories;
conventional energy which comes from fossil fuels, nuclear energy and renewable
energy which combines a variety of sources like hydropower, solar, wind, and others.

2.3.1 Conventional sources

Conventional sources of energy, also known as non-renewable sources, are the oldest
utilized source of energy in the history of humankind. They mainly consist of fossil
fuels (e.g. natural gas, oil, coal) which are, in general, found in finite quantities on
earth. They are considered as non-renewables because the pace of their regeneration
is not sufficient compared to the timescale of human life. They are widely used by
power production facilities as burning materials, as they use thermal power to
generate electricity. Today they are the most widely used way of electricity production
worldwide.

The fossil fuels that are mainly used are coal, oil, and natural gas. Coal is a dark grey
to black colored sedimentary rock that is found deep under the surface of the earth.
It was created billions of years ago, during a process in which dead plant remains
buried underground were gradually transformed into peat and eventually coal,
assisted by the presence of high temperature and high-pressure conditions. Qil, also
known as petroleum, is a dark colored liquid and it is also found in the underground,
trapped between layers of the earth’s crust. It was formed during a process similar to
the previous one when dead organic matter was buried under layers of rock. Lastly,
natural gas is a source of energy found in the gas state right above the petroleum
reserves and it is primarily composed of methane. All the above, are flammable
materials which are extracted from the earth using mining or pumping methods and
are used by the power plants as burning fuel to produce electricity.

The use of combustible fuels in the power generation and supply industry is very
extensive today because it is a relatively cheap method of producing electricity. Fossil
fuels -in most cases- are easy to find and extract from the ground, transport, and use.
In addition, they do not depend on the climate conditions or the weather of a region
at a specific time, thus making them a reliable source of energy. In this vein, fossil fuels
and especially coal, are the dominant source of electricity today and many countries
highly depend on them for their energy supply.
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1. Watt-hour: A watt-hour is the energy delivered by one watt of power for one hour. Since one watt is equivalent to one joule per second, a
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watt-hours.

Figure 2.6: Global electricity production by source from 1990.

Despite being a cheap and effective source of electricity, the usage of fossil fuels has
a negative impact on the environment contributing at an ascending rate to changing
climate. The burning of combustibles, releases into the atmosphere huge amounts of
gases responsible for the greenhouse effect like carbon dioxide (CO2) and a variety of
other air pollutants like particles of ash that have been proven harmful to our health.
Considering that today at least 60 percent of the total electricity production in the
world comes from fossil fuels (Generating Electricity: Fossil Fuels, 2020), the problem’s
extent is large. Therefore, the need to shift to more clean forms of energy is clear.

2.3.2 Nuclear power

Nuclear power is a way of obtaining electricity by the energy that is released during a
nuclear reaction. The most common way to achieve it is by nuclear fission, a type of
nuclear reaction, during which the atoms of radioactive chemical elements like
Uranium, split into two or more smaller parts and emit a significant amount of energy
(IAEA, n.d.). The nuclear fission takes place inside the nuclear reactors of the power
plants. These reactors use the heat energy that is been released by the fission
happening in the atoms of a radioactive material (which is used as fuel) to produce
steam. Then the steam turbines that were described earlier in the chapter, drive the
electromagnetic generators, and produce electricity.

For a long time, nuclear power has been at the forefront of low-carbon electricity
generation, as nuclear fission emits almost no carbon dioxide. For many countries, it
is one of the largest sources of electricity. For instance, in France almost 75 percent of
the total electricity comes from the operation of nuclear power plants. Another



advantage of this specific source is the ability to produce a large amount of energy
using a small amount of nuclear fuel. On the other hand, the disadvantages of nuclear
power include difficulty in nuclear waste management (which require secure and long-
term disposal) and the potential risk of an accident during the operation of the power
plant. Although rare, the consequences of such an accident have been proven lethal
for both human life and the environment.

Despite its handicaps, nuclear power plays an important role in many countries’
energy mix as 10 to 15 percent of the global electricity production every year comes
from nuclear power (Nuclear - IEA, n.d.). The advancing technology reduces the
potential risks and nuclear power itself reinforces the efforts to limit the total carbon
emissions by using a more sustainable fuel.

2.3.3 Renewable energy sources

Renewable energy sources can be defined as sources of energy that are found in
nature and regenerate at a sufficient pace in comparison to the human timescale so
they can be recreated long before they are consumed. The electricity produced by
renewable sources can come from sun, wind, water, biomass, etc., and can be
characterized as a more sustainable type of energy, as little to zero greenhouse gases
are emitted during its production. Depending on how fluctuate they are, these sources
can be distinguished into two separate categories:

[] Variable Energy Sources: their availability strongly depends on time or weather
conditions like solar power and wind power respectively,

[0 Controllable Energy Sources: their availability depends on their storage
management (e.g. hydropower in reservoirs) or simply on their consistency
(e.g. geothermal energy).

As already described, solar power is produced by converting the sunlight radiation into
electricity thanks to the photovoltaic effect. Solar power installations include
photovoltaics (PV) consisting of solar cells and the necessary devices for the electricity
output. These facilities produce energy based on the availability of direct sunlight
(measured in kW/m?) and the angle of incidence to the panels and are one of the
fastest growing methods of generating electricity worldwide. The relatively new
technology has increased up to ten times during the past decade its contribution to
world electricity production and is currently responsible for at least 5 percent of the
total electricity.

The power of the wind has continuously been used by humans for at least five
thousand years in sectors like transport and agriculture. However, it was only until the
20t century when it was first applied to methods of generating electricity. Today the
wind is massively producing electric power using modern wind turbines. The power
production coming from the wind depends on factors like the air density p, the area



covered by the wind turbine A, and of course the wind speed V. The theoretical power
of a wind turbine is given by the following equation:

P—1 A-V3

Wind is considered a variable energy source as the air speed at the time plays a specific
role in the performance of the turbines; if the speed is lower or higher than necessary,
there is dramatically lower or no production at all. Nevertheless, new technologies
have flourished, and wind power is becoming more efficient and more popular every
day. The electricity from wind is almost 10 percent of the global production with an
ascending rate.

Renewable electricity generation, World

Other

8,000 TWh renewables

Solar

6,000 TWh

4,000 TWh

Hydropower

2,000 TWh

0TWh

1990 1995 2000 2005 2010 2015 2022

Data source: Energy Institute - Statistical Review of World Energy (2023) OurWorldInData.org/renewable-energy | CC BY
Note: 'Other renewables' refers to renewable sources including geothermal, biomass, waste, wave and tidal. Traditional biomass is not
included.

Figure 2.7: Global electricity production by renewable source since 1990.

Exactly like wind, humans understood early that they could take advantage of the
power of water. From early antiquity, they created windmills on the river, using the
kinetic energy of the flowing water to grind cereals and perform other tasks. Until the
19t century, they had already applied their previous knowledge to the field of energy
production. Today, hydropower is produced both by high scale projects that include
water storage like dams, and smaller -run off the river- facilities with little to no
storage ability. At the same time, hydroelectric projects serve as the only large-scale
energy storage systems based on today’s technology. Finally, hydropower contributes
to the low-carbon electricity production as it is the most used non-conventional
source of electricity in the world, generating each year almost 15 percent of the
world’s electricity.

Apart from the above, there are also other forms of renewable energy like biomass,
geothermic energy, and some experimental applications based on tide and wave
power production, but their use is still limited. There are many advantages to the use
of renewable sources for electricity production. Their low greenhouse gas emissions
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contribute to the mitigation of the consequences of climate change to the
environment, and their abundance allows the continuous energy supply. For those
reasons, renewable energy is becoming more competitive compared to the traditional
ways of electricity production and it is adapted day after day more effectively into the
energy mix of many countries.

2.4 Basic electricity components

2.4.1 Generation capacity

The installed generation capacity specifies the maximum amount of electricity
production of each power installation. Under normal conditions, the value of the
electricity capacity of a power plant is comparatively larger than the actual produced
electricity (Anon n.d.). Most of those installations (both conventional and renewable)
do not always operate at their full potential, principally because power production
highly depends on the actual and on-time demand of the network for electricity.
Additionally, in the case of renewable energy plants, the production is linked to the
availability. For instance, capable wind and sunny weather conditions determine the
amount of electricity produced by solar and wind power plants respectively. For all
those reasons plus counting maintenance needs, much of the generation capacity
goes unused.

At a national level installed capacity refers to the sum of the production plants of a
specific country and it tends to be considerably greater than its maximum
consumption in order to ensure the sufficiency of electricity supply even during the
systems’ demand peaks. Moreover, there is a national effort to integrate the
networks, by connecting them neighboring countries’ grids in order to reinforce the
system and export the electricity surplus during low-demand hours.

2.4.2 Power generation mix

The power generation mix, also known as the electricity mix, is the combination of all
the primary energy sources that are used to generate electric power in a specific
region or country. The electricity mix should not be confused with the energy mix, as
the latter refers to all the energy uses like transportation and heating, while the
electricity mix includes solely electricity generation. The power generation mix plays
a leading role in each country’s energy security and economy in general. Diverse
electricity mixes offer stability in the power supply, as they reduce the risks of
depending on a single energy source. At the same time, as fossil fuels have been
proven responsible for climate change, many countries work to increase the
proportion of renewable energy sources in their mix, in an effort to reduce
greenhouse gas emissions and mitigate environmental concerns.
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2.4.3 The capacity factor

Capacity factor (cf) can be defined as the ratio of the generated electricity of a power
facility (or a system of facilities), to the maximum electricity that could theoretically
be produced in a specific period of time. In simple words, it is the total electrical
output divided by the maximum possible output of the source if it always operated at
full capacity (Scheig, 2023). Considering E the electricity produced, Pmax the maximum
capacity, and T the time, the capacity factor is expressed as:

B Actual Output _E fOTP(t) dt
"~ Max. Possible Output ~ Ppgy'T  Pogy: T

cf

Typically, the capacity factor is measured on an annual time scale dividing the total
electricity generation (in TWh) by the facility’s installed capacity (usually in GW)
multiplied by the 8760 hours of the year. For example, if a power plant has a
generation capacity of 1 GW and produces 7 TWh of electricity over a period of one
year, the capacity factor is estimated as:

7 TWh - 1000?—%
f = = 0.80
1GW -8760 h

2.5 Economic perspective of electricity - Electricity markets

Electricity is an essential good in modern society and it is a basic element of human
activities both at a domestic and at an industrial level (EPEX SPOT, n.d.). It covers a
vast range of needs and is vital for the existence and the development of society.

For the largest part of European history, the management of electricity generation and
distribution was the responsibility of each country’s power companies which were
owned by the state and controlled the whole process until the final consumer. In the
early 1990s European Union decided to create an Internal European energy market by
separating the stages of the electricity supply chain, privatizing many of the until then
state-owned power companies and creating competition, in an effort to make easier
the interconnection and trade between the countries national grids and enhance
energy security. The creation of the single electricity market has helped the
achievement of the mentioned goals; it has furthermore contributed to the limitation
of the monopoly in power supply and has allowed the existence of more market-
driven prices (Guckian, 2023). Today the electricity market is regulated by a series of
rules in order to control its operation, promote competition and reinforce the energy
security and the efficiency of the system.

The electricity market in Europe is divided into two main segments, the wholesale
market and the retail market. In the wholesale market, buying and selling electricity
happens in large quantities and it is principally between generators, suppliers and
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large consumers. The wholesale market includes transactions between the electric
power plants (in the role of electricity producers), large industrial consumers, and
traders who purchase electricity to sell in the retail market. Wholesale electricity
prices are mostly based on supply and demand, fuel costs, and other market dynamics
and vary based on the amount of production. The prices are formed based on the
competition between producers on a daily basis. On the other hand, there is the retail
electricity market where electricity is sold from traders to end consumers, including
households, businesses, and small industries. The retail prices usually include the cost
of electricity production (which is linked to the wholesale price), some fees related to
the costs of transmission and distribution, and various taxes and levies which vary
between European countries. The cost is estimated for each kilowatt-hour (kWh) of
consumption and consumers can choose between fixed and variable prices depending
on their energy needs and flexibility (Guckian, 2023).

In summary, the historically state-owned companies that managed electricity
production gave their places in a single European two-branch market that enhances
competition and security of supply. The wholesale electricity market deals with large-
scale electricity transactions and price setting, while the retail market focuses on
delivering electricity to end consumers with an emphasis on customer service. Both
markets are interconnected and play crucial roles in the overall energy system of
Europe.
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Chapter 3: Electricity profiles of European countries

3.1 Introduction

The purpose of this chapter is to outline an energy profile for a number of European
countries by collecting basic information about their electricity production and
demand. In addition to all the members of the European Union, the list of countries
includes Iceland, Norway and the United Kingdom. Each country’s energy “identity” is
created by taking into consideration data that include its total installed capacity or its
electricity mix; terminologies that were analyzed in the previous chapter.

3.2 Country profiles

3.2.1 Austria

Austria is a landlocked country located in central Europe. It is considered a largely
mountainous country as more than three quarters of its total area (of 83,871 km?) lie
in the Eastern Alps. Its estimated population reaches 9.04 million as of 2022.

Austria’s electricity sector uses fossil fuels and renewable sources to generate electric
power. It mainly imports natural gas and oil to operate its conventional power
production facilities and takes advantage of its mountainous relief to generate
electricity from hydropower. Renewables like solar, wind and bioenergy power plants
have gradually entered Austria’s system in the last fifteen years. There are no
operating nuclear facilities in the country as the generation of electricity by using
nuclear power has been forbidden under its constitution since 1999 (IEA, 2020).

Generation Capacity in Austria
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Figure 3.1: Installed capacity by source and total installed capacity in Austria since 1990.
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The total generation capacity of the country and the change in the composition of the
electricity generation mix since 1990 (based on the source of energy used to produce
the electric power) are demonstrated in the following Figures 3.1 and 3.2 respectively.
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Figure 3.2: Produced electricity by source in Austria since 1990. The red line indicates the
electricity demand.

Overall, the electricity sector is characterized by high reliance on renewable sources,
as the highest contributing type of energy for electricity generation is hydropower
with an ascending rate over the years. The Austrian government has already set a
national goal to produce 100 percent of the electricity using solely renewable sources.

3.2.2 Belgium

Belgium is located in northwestern Europe and as of 2022 it has a population of 11.7
million. Its area of approximately 30,690 km? borders France, Germany, Luxembourg
and the Netherlands and it is washed by the North Sea.

Belgium has a diverse electricity generation system, using a wide range of sources to
cover its needs. Fossil fuels occupy a descending percentage while renewables enter
the system at a higher speed. However, the main contributor to the electricity mix is
nuclear power, with the two nuclear plants of the country producing more than a third
of the total electricity. The limited water potential of Belgium keeps the participation
of hydropower in low percentages in the mix. The remaining needs are covered by
imports from the countries mentioned above, as the country has good
interconnection with the neighboring grids.

The national plan is to phase out all the nuclear facilities by 2025 and at the same time
achieve zero carbon emissions by 2050 by moving away from fossil fuels. This creates
a huge energy gap that needs to be covered by large scale investments in renewable

15



projects like bioenergy, solar and wind power (due to Belgium’s proximity to the North
Sea, an area of high wind potential).
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Figure 3.3: Installed capacity by source and total installed capacity in Belgium since 1990.
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Figure 3.4: Produced electricity by source in Belgium since 1990. The red line indicates the
electricity demand.

3.2.3 Bulgaria

Bulgaria is a country of around 110,100 km? in southeastern Europe, next to the west
coasts of the Black Sea. It is surrounded by North Macedonia and Serbia to the west,
Greece and Turkey to the south and Romania to the North and it has an estimated
population of 6.5 million as of 2022.
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Its energy supply highly depends on two main sources, coal and nuclear power. The
two pillars of electricity production, produce together more than two thirds of the
total electricity of the country (Bankwatch, 2024). The rest comes from other
conventional sources like gas and oil and some renewables with hydropower having
the lead.

As demonstrated in Figure 5, Bulgaria’s generation capacity compared to other
European countries, has remained relatively stable over the past 30 years and the total
electricity production exceeds the demand as seen in Figure 6. Hence, it is a major
electricity exporter in the region offering electric power mainly to the nearby markets
of Greece, Romania and North Macedonia.
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Figure 3.5: Installed capacity by source and total installed capacity in Bulgaria since 1990.
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Figure 3.6: Produced electricity by source in Bulgaria since 1990. The red line indicates the
electricity demand.
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Bulgaria, unlike most European countries, continues to rely on fossil fuels’ plants for a
large part of its electricity production, without short term plans for termination of
their operation and with the renewables occupying only a small part of the energy
mix. Despite this, it still has the obligation to achieve specific low carbon emission
goals that are established by the European Union, in the near future.

3.2.4 Croatia

Located in central eastern Europe, Croatia is a country covering an area of 56,600 km?
with a population of almost 3.8 million inhabitants (as of 2022 estimates). It is a
member state of the European Union since 2013.

Electricity in the country is characterized by a diverse production mix that includes
both fossil fuels and renewable sources of energy. Conventional power plants operate
mostly by using coal and natural gas, while at the same time hydropower is the largest
renewable source of energy in the country. Croatia is strongly dependent on electricity
imports from the neighboring countries, as it has a state of the art and well-integrated
international grid, and although there are no nuclear plants in the country, it indirectly
uses nuclear power by importing electricity produced by the nearby Slovenia’s

facilities.
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Figure 3.7: Installed capacity by source and total installed capacity in Croatia since 1992.

Croatia’s energy policy, aligned with European Union’s goals for low carbon emissions,
includes moving away from combustible fuels and expanding renewable electricity
projects and especially wind and solar projects -as hydropower is already used
extensively- by increasing their total generation capacity and their participation to the
mix.
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Figure 3.8: Produced electricity by source in Croatia since 1990. The red line indicates the

3.2.5 Cyprus
Cyprus is an Island country of the eastern Mediterranean close to the coasts of Asia.
With an area of 9,251 km? and with almost 1 million inhabitants, it is the third largest

island of Mediterranean Sea both in size and in terms of population.

electricity demand.

Until the early 2010s the total amount of electric power on the island was produced

by fossil fuels, as thermal power stations that run on oil were the only operating

facilities as shown in Figure 9. Neither nuclear plants nor hydroelectric power stations

exist in the country. In terms of other renewables, only wind and solar power plants

have entered the system in the past decade and a tiny percentage of the generation
mix (Figure 10) comes from the use of biofuels too.
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Figure 3.9: Installed capacity by source and total installed capacity in Cyprus since 1990.
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The challenges that the electricity management of Cyprus faces, include the lack of
interconnections with no ability for imports, the potential dangers of its large
dependence on oil; those factors make it vital for the island to attract investments in
renewable sources.
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Figure 3.10: Produced electricity by source in Cyprus since 1990. The red line indicates the
electricity demand.

3.2.6 Czech Republic

Czech Republic is a landlocked country in central Europe between Austria, Germany,
Poland and Slovakia. It covers an area of almost 78,900 km? while its population
reaches almost 10.5 million inhabitants as of 2022.

The electricity sector of the country uses a variety of primary energy sources and has
a diverse generation mix as demonstrated in Figure 12. Its main contributors are
lignite (coal) and nuclear power which combined produce almost 80% of the total
electricity today. Renewables like wind, solar and especially bioenergy have entered
the system the last fifteen years, while the use of hydropower has remained steady
since 1990. The total generation capacity showed an increase during the 90s and the
00s but has remained relatively stable the past decade as seen in Figure 11.

Czechia’s electricity production exceeds the total demand, making the country an
exporter in the region, trading with all the neighboring countries that were mentioned
above. The national plans to gradually phase out the country’s conventional power
facilities, has led to the introduction of renewable sources like bioenergy and variables
(solar and wind power), and at the same time the government intends to increase the
generation capacity of the nuclear plants and their participation to the mix.
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Generation Capacity in Czech Republic
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Figure 3.11: Installed capacity by source and total installed capacity in Czech Republic since
1992.
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Figure 3.12: Produced electricity by source in Czech Republic since 1990. The red line
indicates the electricity demand.

3.2.7 Denmark

Denmark is a country covering about 43,000 km? located in northern Europe and has
a population close to 6 million (in 2022). It is a peninsula surrounded by the North Sea
in the west and the Baltic Sea in the east, and it only borders Germany in the south.

Electricity production in Denmark is known for its extensive use of renewable primary
sources and especially wind power which today generates more than half of the total
electricity and covers almost 50% of the total capacity in the country as we can see in
Figures 13 and 14. Other sources include fossil fuels, with coal being the primary
source of production in the 90s and the 00s, solar power and biofuels.
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Denmark is generally a net importer today compared to the past, when it exported
the surplus of its production to the neighboring countries. Its electricity system is a
model of successful insertion of the renewables to the electricity generation process
while at the same time it continues to reinforce the infrastructure and secure its
power supply.
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Figure 3.13: Installed capacity by source and total installed capacity in Denmark since
1990.
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Figure 3.14: Produced electricity by source in Denmark since 1990. The red line indicates
the electricity demand.
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3.2.8 Estonia

Estonia, the northernmost of the three Baltic countries, lies in Northern Europe by the
shores of the Baltic Sea. It covers an area of 45,335 km? and it has almost 1.4 million
inhabitants.

The electricity production in Estonia highly depends on fossil fuels and most
specifically on oil shale, the source that covered most of the demand until the late
2010s. There have been significant efforts to add renewable generation capacity in
the system in the last decade, and now solar and wind power plants, as well as biofuels
contribute to the electricity generation in a proportion that has already doubled its
size.
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Figure 3.15: Installed capacity by source and total installed capacity in Estonia since 1992.

The electricity sector in the country is undergoing significant changes, as the national
plan targets to 100% renewable electricity by 2030. Additionally, taking into
consideration the gradual decommission of conventional facilities, the growing
demand, and the fact that Estonia takes a shift from a net exporter to an importer, the
management of the production faces large challenges.
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Figure 3.16: Produced electricity by source in Estonia since 1990. The red line indicates the
electricity demand.

3.2.9 Finland
Covering an area of more than 338,000 km?, Finland is located in northern Europe,

and it has a population of 5,6 million (according to 2022 estimates).

Overall, Finland is considered a net importer of electricity. To cover the demand,

Finland imports the deficit of electric power from the neighboring Nordic and Baltic

countries and as well as from its interconnections with Russia.
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Figure 3.17: Installed capacity by source and total installed capacity in Finland since 1990.
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Figure 3.18: Produced electricity by source in Finland since 1990. The red line indicates the
electricity demand.

The electricity in the country is produced using a wide range of primary energy sources
including combustible fuels, renewables, and nuclear power. Its nuclear installed
capacity of almost 2.8 GW (as of 2021), has remained stable since 1990 and it is
responsible for one third of the total electricity production in the country. The use of
conventional sources in the mix has shown a significant decline over the past years, as
they are gradually replaced by renewables; wind power capacity grows rapidly day
after day thanks to the government’s favorable policies on these investments, while
Finland’s vast forest lands are important bioenergy resources. Lastly, hydropower
participates at a respectable percentage to the generation mix.

3.2.10 France

With an area of 551,700 km? and a population of more than 66 million people, France
is one of the largest countries in Europe both in terms of size and population. Its main
land body is in western Europe, although it has under its sovereignty many overseas
regions and territories all around the world.

The electricity sector in France is characterized by the dominance of nuclear power,
as its plants produce more than 70% of the total electricity in the country, making it
by far the largest nuclear power producer in the world. Hydroelectric power is the
second largest electricity source at a national level, while other renewables and a
small proportion of fossil fuels complete the mix. The total generation surpasses the
demand making France a major exporter in the region of central and western Europe.

France’s energy sector, which thanks to nuclear power already offers low carbon
electricity for years, predicts full decommission of the few remaining conventional
plants by the early 2020s, and participation of more renewable power facilities in the
total capacity of the system.
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Figure 3.19: Installed capacity by source and total installed capacity in France since 1990.
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Figure 3.20: Produced electricity by source in France since 1990. The red line indicates the
electricity demand.

3.2.11 Germany

Located in central Europe, Germany is the most populous country of the European
Union, with more than 84 million inhabitants as of 2022. It covers an area of 357,600
km?, and it shares borders with many other countries in the central Europe.

Germany’s electricity sector is right now one of the largest and most advanced in the
world, as it needs to ensure sufficient supply to the country’s households and most
importantly to its heavy industry. The generation mix is composed by a wide variety
of conventional and renewable sources, as well as nuclear power. Until the early
2020s, the major source of electricity is coal, generating more than a third of the total
production followed by nuclear and other combustibles. Electricity from hydropower
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is produced in a small and relatively constant amount since 1990. The total generation
overpasses the demand, making Germany an exporter in the region.
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Figure 3.21: Installed capacity by source and total installed capacity in Germany since
1991.

The total generation capacity of the system continuously increases even though the
demand for electricity has remained stable since 2000. The energy policy followed by
the government, includes shutting down all nuclear facilities by 2024 and coal power
plants in the next 10 to 15 years, in an effort to make a transition to more clean
sources of electricity. Hence, Germany is investing in renewables like biomass, solar
and especially wind power, which has quickly taken the second place in the
composition of the mix.
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Figure 3.22: Produced electricity by source in Germany since 1990. The red line indicates
the electricity demand.
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3.2.12 Greece

Located on the tip of the Balkan peninsula, Greece is a country in southeastern Europe,
covering an area of 132,000 km? and with a population of about 10.6 million as of
2022.

The electricity produced in the country, comes from a variety of sources including
fossil fuels and many renewables. For many years, lignite (a type of coal) was the
dominant source of electric power in the country, with oil and natural gas participating
in large quantities in the mix too. Large hydroelectric power facilities are operating,
usually covering the demand during the peak hours, while wind and solar plants -that
take advantage of the large wind and solar potential of the country- have gained in
popularity since the 2000s and 2010s respectively. As demonstrated in Figure 23, the
total capacity of the system is constantly growing and has doubled in size the last 30
years, even though the electricity demand has a visible decline since 2009 (Figure 24).
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Figure 3.23: Installed capacity by source and total installed capacity in Greece since 1990.

Greece’s electricity system is undergoing significant changes. It is continuously adding
facilities running on renewables to the mix, and the government aims to shut down all
the lignite power plants of the country by 2028, complying in that way with the
common EU policies on clean energy and electric power from sustainable and low
emission sources.

28



Electricity Mix of Greece
(Produced Electricity by Source, in TWh)

80
70 et Imports
60 — Other
I Bioenergy
50
- I Solar
E 40 m— \Vind
30 m— Hydro
20 Nuclear
s Oil
10
E— Gas
0 m— Coal

1990 1993 1996 1999 2002 2005 2008 2011 2014 2017 2020

e Demand

Year

Figure 3.24: Produced electricity by source in Greece since 1990. The red line indicates the
electricity demand.

3.2.13 Hungary
Hungary is a country in central Europe, with an area of around 93,000 km? and
approximately 9.6 million inhabitants.

The electricity supply in Hungary, comes from a range of primary energy sources from
fossil fuels to nuclear power and renewables. The largest amount of electric power
originates from the country’s only nuclear facility, while coal and natural gas have a
considerable presence in the mix. Renewables like bioenergy and solar power develop
constantly, resulting in the rapid ascend of the system’s total generation capacity.
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Figure 3.25: Installed capacity by source and total installed capacity in Hungary since 1990.
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Hungary heavily relies on incoming electricity from the neighboring countries to cover
the deficitin its total demand. During the last decades, and because the country joined
the European Union in 2004, the electricity sector of Hungary has undergone great
changes. The national policy is now orientated toward composing a more sustainable
power mix, by phasing out conventional power plants and investing in even more
renewables, restraining at the same time the country’s large dependency on imported
electric power.
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Figure 3.26: Produced electricity by source in Hungary since 1990. The red line indicates the
electricity demand.

3.2.14 Ireland

The Republic of Ireland is an island country located in northwestern Europe. It covers
the southern part of the homonymous island as it borders to the north with Northern
Ireland (which is part of the United Kingdom). The total area of the country is 70,273
km? and its population is 5.3 million based on 2022 estimates.

The main source of electric power is natural gas, which produces half of the electricity
in the island, while other combustibles like oil and coal are present in the mix.
Hydropower is used in small and fixed quantities since 1990. Other renewables like
wind and solar are growing at an impressive rate, and wind power specifically has
more than doubled -both in terms of total capacity and in terms of generation- during
the past decade, becoming today the second largest source of electricity in the
country. At the same time, Ireland’s interconnected grid to the United Kingdom,
covers the supply during a potential increase in the demand.
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Figure 3.27: Installed capacity by source and total installed capacity in Ireland since 1990.

The energy strategy followed by the country, predicts further increase in the
renewable capacity of the system, and aims to gradually reduce the use of

conventional sources in the future.
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Figure 3.28: Produced electricity by source in Ireland since 1990. The red line indicates the
electricity demand.

3.2.15Italy

Italy is located in southern Europe, forming a peninsula that is surrounded by the
Mediterranean Sea, and it borders the mountain range of the Alps to the north. It is
one of the most populated countries of Europe with about 58.8 million inhabitants
and covers an area of 301,340 km?.
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Italy’s electricity mix heavily relies on fossil fuels and especially natural gas, which
produces the largest amount of electric power in the country, with coal and oil having
significantly reduced their total participation to the mix during the last years.
Electricity from hydropower plays an important role as it is the most used clean energy
source, produced in large scale hydroelectric plants, that are usually situated in the
alpine landscape in the northern part of the country. Wind and solar power follow in
an ascending rate while a small percentage of the generation capacity is represented
by biofuels and some geothermal facilities. There are no nuclear power plants in the

country.
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Figure 3.29: Installed capacity by source and total installed capacity in Italy since 1990.

Electricity Mix of Italy
(Produced Electricity by Source, in TWh)

400
350 . Net Imports
300 I Other
I Bioenergy
250
c N Solar
E 200 mm— \Wind
150 s Hydro
100 Nuclear
50 Ol
0 Emm— Gas
1990 1993 1996 1999 2002 2005 2008 2011 2014 2017 2020 p— ol

emm— Demand

Year

Figure 3.30: Produced electricity by source in Italy since 1990. The red line indicates the
electricity demand.
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Overall, the electricity sector of Italy uses a wide variety of sources to generate
electricity and trades it -as a net importer- via a well interconnected grid with the
countries of central and southern Europe. Aligned with the most European energy
policies, Italy has already set decarbonization targets, that are gradually achieved by
the limitation in the use of combustible fuels and the investments on more sustainable
and clean energy sources.

3.2.16 Latvia

With a population of 1.9 million people, Latvia is a country of northern Europe
covering an area of about 64,600 km?. It is one of the Baltic countries together with
Estonia and Lithuania, lying between the two, by the shores of the Baltic Sea.

The electricity mix in the country mainly consists of hydropower and natural gas and
a large amount of the necessary electricity is imported from the neighboring Baltic
countries, Russia and Belarus. The hydropower facilities that cover the production
include three large plants and much smaller ones. Renewables like biofuels and wind
power have gained in popularity from 2010s and onwards, while the installed capacity
of solar power still remains at zero levels. There are also no nuclear facilities in the
country.

The energy policy of the country aims to create interconnections with the rest of the
countries of the EU in the area, in order to reduce its dependence on Russian and
Belarusian electricity imports. At the same time, the government promotes
investments in renewables, in an effort to take a turn towards a greater sustainability
in the process of electricity generation.
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Figure 3.31: Installed capacity by source and total installed capacity in Latvia since 1992.
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Figure 3.32: Produced electricity by source in Latvia since 1990. The red line indicates the
electricity demand.

3.2.17 Lithuania

Lithuania, the southernmost of the three Baltic countries, lies in Northern Europe by
the shores of Baltic Sea. It covers an area of 45,335 km? and it has almost 1.4 million
inhabitants.
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Figure 3.33: Installed capacity by source and total installed capacity in Lithuania since
1992.
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Figure 3.34: Produced electricity by source in Lithuania since 1990. The red line indicates
the electricity demand.

For a long time, electricity production in Lithuania relied on nuclear power, as most of
its generated electricity came from the county’s only nuclear plant. With the closing
of the plant in 2009, most of the total generation capacity was lost and the remaining
production came from fossil fuels (mainly gas) and renewables. Consequently,
Lithuania changed from being a major exporter in the Baltic area to being a net
importer in order to cover the demand. Since then, the country has replaced a part of
the total generation with the installation of more renewables; mainly wind power and
biofuels. Hydropower has maintained the same capacity since late 1990s and it uses
it only for demand peaks.

The electricity sector has undergone great changes in recent years, as Lithuania is one
of the few European countries to alternate its energy policy from importer to exporter
and at the same time, it moves from a nuclear power-based system to a renewable
based, by creating mainly new wind and bioenergy power facilities.

3.2.18 Luxembourg

Located in western Europe, Luxembourg is a small country that covers an area of just
2586 km? between Belgium, France and Germany. Its small population reaches
650,000 inhabitants as of 2022.

The electricity generation in the country happens in a much small scale compared to
its neighbors. Regarding its small size, Luxembourg is highly dependent on electricity
imports to cover its demands. However, its system’s generation capacity includes
some natural gas, small run on the river hydroelectric plants, biomass plants and an
increasing proportion of wind and solar. Luxembourg intends to remain a net importer
of electricity in the future but also aims to invest in renewable primary energy sources,
in order to generate on its own cleaner electricity.
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Figure 3.35: Installed capacity by source and total installed capacity in Luxembourg since
1990.
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Figure 3.36: Produced electricity by source in Luxembourg since 1990. The red line indicates
the electricity demand.

3.2.19 Malta

Malta is an island country of southern Europe. It consists of two main islands south of
Italy in the Mediterranean Sea and covers an area of just 316 km?. Its population
reaches 520,000 inhabitants according to 2022 estimates.
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Figure 3.37: Installed capacity by source and total installed capacity in Malta since 1990.

The electricity production in Malta today is mainly based on fossil fuels. Natural gas -

that is imported from other countries- is used to generate most of the electric power

on the two islands as shown in Figure 38. The country’s power plants used oil as the
main source of fuel until 2015, when it was replaced by gas, keeping the first as a
backup. The renewables hold a small share in the electricity mix, but their total
installed capacity is increasing very fast as demonstrated in Figure 37. Especially solar

power is gaining rapidly in popularity, due to Malta’s location in southern Europe, and

its high solar potential.
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Figure 3.38: Produced electricity by source in Malta since 1990. The red line indicates the

electricity demand.

Until 2014 the electricity system of the country was not connected to the European
mainland grid, so Malta was not able to trade for electric power. Since the completion
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of its interconnection with Sicily (in Italy) in 2015, the country is capable of importing
large amounts of energy when needed, which has led to a large increase of the total
demand during the last decade.

3.2.20 Netherlands

The Netherlands is a country of almost 18 million inhabitants, covering an area of
42,500 km?. Its main land body is located in northwestern Europe, although it has
under its sovereignty many overseas regions and territories all around the world.

The electricity system in the Netherlands highly depends on fossil fuels. As
demonstrated in Figure 40, the main source of electricity is natural gas, followed by
coal. A small part of the energy comes from oil too. The country’s nuclear reactors also
contribute to the generation with a fixed percentage since the 1990s. Hydropower is
almost absent from the composition of the electricity mix, while other renewables like
wind and solar have significantly increased their capacity during the last 15 years. The
deficit in case of large demand is covered by the interconnections of the country to its
neighbors of central and western Europe.

The Netherlands currently has one of the largest shares of combustible fuels (in the
electricity generation process) among all European countries. However, the national
strategy aims to gradually phase out the coal operating facilities, keeping only the gas
power plants on the grid. At the same time, it plans to extend the use of wind power,
by constructing -mainly offshore- wind farms, taking advantage of the North Sea’s
great wind resources, in an effort to promote a more sustainable alternative for
electric power production.
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Figure 3.39: Installed capacity by source and total installed capacity in the Netherlands
since 1990.
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Figure 3.40: Produced electricity by source in the Netherlands since 1990. The red line
indicates the electricity demand.

3.2.21 Poland
Poland is a country covering about 312,700 km? located in central Europe and has a
population close to 37.6 million (in 2022). On the north, the country is bordered by

the Baltic Sea.
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Figure 3.41: Installed capacity by source and total installed capacity in Poland since 1990.

Electricity production in Poland highly depends on fossil fuels as most of the generated
power comes from thermal power plants that operate with coal. Oil and natural gas
also have a share in the mix. Hydroelectric facilities exist in the country, but they are
only used to balance the system during peak hours. As of 2022, there are no
operational nuclear plants in the country.
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The electricity sector in Poland is undergoing many changes, in recent years. Triggered
by the ever-increasing demand for electricity, in the last fifteen years there have been
efforts to add renewable generation capacity to the system by installing wind, solar
and biofuel running facilities. Additionally, the national energy plan predicts the
construction of nuclear power plants -that will start entering the system after 2030-
in an effort to balance the energy security of the country.
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Figure 3.42: Produced electricity by source in Poland since 1990. The red line indicates the
electricity demand.

3.2.22 Portugal

Portugal is a country of southwestern Europe covering an area 92,230 km? of and has
a population of 10.4 million inhabitants according to 2022 estimates. It occupies the
western part of the Iberian Peninsula, between Spain to the east and the Atlantic
Ocean to the west.

The electricity in the country is produced using a wide range of primary energy sources
including both combustible fuels and renewables. Conventional power plants operate
in their majority by using natural gas and coal. The country’s wet climate and the fact
that the operating hydroelectric facilities are mainly large-scale, make hydropower the
largest renewable source of energy in the country in terms of installed capacity as
demonstrated in Figure 43. Variable renewable sources like solar and wind are also
utilized to generate electricity in Portugal, and their total participation in the mix has
increased significantly over the last decade as seen in Figure 44. The rest of the
electricity needed, is imported from Spain, which is the only interconnected country
to the Portuguese system.

Portugal’s energy policy is aligned with the European Union’s goals for low carbon
emissions and aims to achieve decarbonization of the electricity production by 2050.
It includes moving away from combustible fuels and investing in renewable energy
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projects -and especially wind and solar- to cover the demand by increasing their total
generation capacity and their participation in the mix.
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Figure 3.43: Installed capacity by source and total installed capacity in Portugal since 1990.

Electricity Mix of Portugal
(Produced Electricity by Source, in TWh)

70
mmm— Net Imports
60 mm— Other
50 — Bioenergy
- 40 m— Solar
E 30 m— Wind
m— Hydro
20 Nuclear
10 — Ol
0 e Gas
1990 1993 1996 1999 2002 2005 2008 2011 2014 2017 2020 m— Coal

emmm— Demand

Year

Figure 3.44: Produced electricity by source in Portugal since 1990. The red line indicates the
electricity demand.

3.2.23 Romania

Located between central and eastern Europe, Romania lies in an area of almost
238,400 km? and has a population of 19 million (as of 2022). The Carpathian
Mountains cross a large part of the country while the Black Sea borders it to the east.

Romania has a diverse energy mix that includes coal, natural gas, nuclear,
hydroelectric, and other renewable sources. Historically, the largest part of electricity
was produced by fossil fuels -and mainly coal- and it was followed by hydroelectric
and nuclear power that contributed with electricity produced by the country’s only
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nuclear power station (ITA, 2024). Lately, the share of variables (including both wind
and solar) has increased significantly.
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Figure 3.45: Installed capacity by source and total installed capacity in Romania since
1990.

The national plans to gradually decommission the country’s coal power plants, has led
to the introduction of more renewable sources to the mix and at the same time the
government intends to increase the nuclear generation capacity by the construction

of new nuclear plants in the near future.
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Figure 3.46: Produced electricity by source in Romania since 1990. The red line indicates

the electricity demand.

3.2.24 Slovakia

Slovakia is a country of central Europe, covering an area of little over 49,000 km? and
has a population of around 5.4 million according to 2022 estimates.
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The electricity sector in Slovakia is characterized by the dominance of nuclear power,
as its plants generate almost 60% of the total domestic production, making it one of
the European countries with the largest share of nuclear power in their mix.
Hydroelectric power is the second largest source at a national level, while other
renewables and a small proportion of fossil fuels -the use of which has decreased
significantly over the last years- complete the mix. The total generation usually
surpasses the demand making the country a net importer in the region.

Slovakia’s energy sector is currently undergoing interesting changes as it upgrades its
electricity system and expands the interconnections with the neighboring countries of
the central European area. At the same time, the country is planning to increase its
nuclear generation capacity by constructing new units, targeting in a more secure
supply system and a potential ability to become a net electricity exporter in the future.
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Figure 3.47: Installed capacity by source and total installed capacity in Slovakia since 1992.
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Figure 3.48: Produced electricity by source in Slovakia since 1990. The red line indicates the
electricity demand.
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3.2.25 Slovenia

Slovenia is a country of around 20,270 km? in the southern part of central Europe, next
to the coasts of the Adriatic Sea. It is surrounded by Austria, Croatia, Hungary and Italy
and it has an estimated population of 2.1 million as of 2022.

Its energy supply highly depends on three main sources, coal and nuclear and
hydroelectric power. The three combined generate almost all the domestic electricity.
Small power quantities of are also produced from the few renewable facilities in the
country. As demonstrated in Figure 49, Slovenia’s generation capacity has shown a
notable increase since the early 1990s and the total electricity production usually
exceeds the demand as seen in Figure 50. Hence, Slovenia it is an electricity exporter
in the region trading electric power mainly with the nearby markets of central Europe.
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Figure 3.49: Installed capacity by source and total installed capacity in Slovenia since 1992.
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Figure 3.50: Produced electricity by source in Slovenia since 1990. The red line indicates the
electricity demand.
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3.2.26 Spain

Spain is located in southwestern Europe covering an area of 505,990 km? and has a
population of 47.6 million inhabitants as of 2022, making it one of the most populous
countries of the European Union. It occupies the largest part of the Iberian Peninsula,
and it is bordered by Portugal to the west and France and Andorra to the northeast.

The electricity in the country is produced using a wide range of primary energy sources
including combustible fuels, renewables, and nuclear power. The used conventional
sources are oil, coal and natural gas, though their participation in the mix has shown
a significant decline over the past years, as they are gradually replaced by renewables.
Wind power capacity increases rapidly on an annual basis, while the country’s high
solar potential favors the quick growth of solar power investments. Lastly,
hydropower has contributed to the mix in fixed quantities since the 1990s.

In the last decade, the decarbonization of electricity generation in Spain has been
visible with the dynamic introduction of renewables to the system. The energy policy
followed by the government, includes the gradual decommission of all the domestic
nuclear plants by 2027. It also predicts phasing out all the coal powered facilities in
the near future and producing at least three quarters of the total electricity by
renewables until 2030, in an effort to make a transition to more clean sources of

energy.
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Figure 3.51: Installed capacity by source and total installed capacity in Spain since 1990.
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Figure 3.52: Produced electricity by source in Spain since 1990. The red line indicates the
electricity demand.

3.2.27 Sweden

Sweden is a Nordic country of northern Europe, occupying the east part of the
Scandinavian Peninsula and covers an area of almost 450,300 km?. It has 10.5 million
inhabitants based on 2022 estimates.

The two main sources of energy in the country are nuclear and hydroelectric power,
which together produce almost all the electricity of Sweden. More specifically,
hydropower is used on such a large scale because Sweden has one of the richest water
supplies in Europe, owing to its mountainous landscape and its geographical position
in the northern part of the continent. Fossil fuels are almost absent from the
composition of the country’s electricity mix, while renewable sources and especially
wind power have gained in popularity since the early 2010s.

46



Generation Capacity in Sweden
(Total installed capacity in GW)

50

45
40 N—/\/
35

30
n
~
o
N

25
20

15
10
5
0

GW

| -.
[
199 TEE=__
..

o o < ~N 0 O O N 0 DO = NmMm < O ™~ 0 0 O
a D aQ D D a9 O O O O O o «f o o o NN
a O a O O a0 0O O O O O O O O O O O (el oloNolNo]
— — = - - - N NN N NN N NN
Year
I Fossil Fuels — mmmmmmm Nuclear s Hydro Wind s Solar s Other — e Total

Figure 3.53: Installed capacity by source and total installed capacity in Sweden since 1990.
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Figure 3.54: Produced electricity by source in Sweden since 1990. The red line indicates the
electricity demand.

Sweden is generally exporting the surplus of its production to the neighboring Nordic
countries. Its electricity system is characterized by high reliance on nuclear power and
renewable sources, with hydropower on the lead and wind power continuously
increasing and has achieved to be resilient and adaptive to the constantly changing
circumstances.

3.2.28Iceland

Iceland is an island country that lies between Europe and North America in the North
Atlantic Ocean. It covers an area of 103,125 km? and its population reaches 380,000
inhabitants according to 2022 estimates.

47



Generation Capacity in Iceland
(Total installed capacity in GW)

4
3 f
3

;2

O 2
1
OIJJJJJJJJ-llilllIll

O N M W WOMNOWONDOANMSTLW! ONOWONO—AdNMSSI! ONOWOOO

DDDADDDDDNDNDNOO0OO0OO0O0O0O0 000 d o o ddddddd N

DDA O OO O O OO0 00000000000 oo

A A A A A A A A A NN NN NNNNNNNNNNNNQNQSQAQ
Year

mmmm Fossil Fuels ~— mmmmmmm Nuclear — mmmsssm Hydro Wind mmmmmn Solar mmmmmmm Other s Total

Figure 3.55: Installed capacity by source and total installed capacity in Iceland since 1990.
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Figure 3.56: Produced electricity by source in Iceland since 1990. The red line indicates the
electricity demand.

Almost all the electricity production in the country comes from renewable sources
with hydropower and geothermal energy composing almost 100% of the generation
mix, as seen in Figure 56. The abundance of water and thermal energy from the
ground is based on the favorable geography and geological conditions of Iceland and
for this reason it is used on such a large scale. In terms of generation capacity, the
system includes some fossil fuel facilities (Figure 55), which only operate to balance
the demand during peak hours.

The country due to its geographic isolation and its long distance from mainland
Europe, is currently not interconnected to other countries’ systems. Therefore, the
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potential challenges for its electricity system include maintaining self-efficiency and
covering the electricity demand in long term timescales.

3.2.29 Norway

Norway is a country in northern Europe, occupying the western part of the
Scandinavian Peninsula. It covers an area of about 385,200 km? and borders Finland,
Russia and Sweden. It has 5.5 million inhabitants based on 2022 estimates.

Norway’s generated electricity comes almost exclusively from renewable sources.
Hydropower has historically been the most used source for electricity production,
sharing more than 90% of the total generation mix annually. The reason of such an
extensive use of hydropower is the country’s mountainous landscape -forming many
valleys crossed by rivers- combined with the high levels of precipitation Norway
receives. The second largest source is currently wind power, both in terms of installed
capacity and in terms of electricity generation, having considerably increased its total
participation to the mix during the last decade. The system also includes a few solar
power installations and some natural gas-powered plants, while nuclear power is not
used in the country.
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Figure 3.57: Installed capacity by source and total installed capacity in Norway since 1990.

Today, Norway is a leader in the use of renewable energy, and successfully manages
to ensure its electricity supply and cover the needs of its industry and households. It
has a modern transmission system and good interconnections with the neighboring
countries, allowing the trade of its surplus principally in the Nordic market.
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Figure 3.58: Produced electricity by source in Norway since 1990. The red line indicates the
electricity demand.

3.2.30 United Kingdom

The United Kingdom is an island country located in northwestern Europe. It consists
of the island of Great Britain and the north part of Ireland (bordering the Republic of
Ireland to the south) and it has under its sovereignty many overseas regions and
territories all around the world. The total area of the country is about 244,400 km?
and its population exceeds 67 million based on 2022 estimates.

United Kingdom’s large electricity sector needs to ensure sufficient supply to the
country’s households and mainly to its heavy industry. The electricity in the country is
produced using a wide range of primary energy sources including combustible fuels,
renewables, and nuclear power. Until the late 2010s, the major source of electricity
was coal, generating more than a third of the total production followed by other
combustibles and nuclear, though currently natural gas is the most used conventional
source. The renewables, include hydropower, solar, wind and bioenergy; especially
wind power continuously gains ground the last 15 years, taking advantage of Britain’s
high wind potential and increasing significantly its participation in the mix as
demonstrated in Figure 60.

As we can see in Figure 59, the total generation capacity of the system continuously
increases even though the demand for electricity has shown a considerable decrease
since the mid 2000s. The energy policy of the country includes gradually substituting
conventional power plants with renewable energy facilities and trying to make a
transition to more clean sources of electricity.
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Figure 3.59: Installed capacity by source and total installed capacity in the United Kingdom
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Figure 3.60: Produced electricity by source in the United Kingdom since 1990. The red line

indicates the electricity demand.
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Chapter 4: Integration of renewables in European grids

4.1 Introduction

Hydropower is a renewable source that has been used in the energy sector for
electricity production for a long time. However, the popularity of renewable energy
began to surge rapidly with the introduction of variable sources, mainly wind and solar
power. Today, the use of renewable sources for electricity generation plays a decisive
role in shaping the energy policy of a country. Considering their contribution to the
mitigation of the consequences of climate change to the environment (principally
their clean origin and their little to zero greenhouse emissions), many countries adopt
them and gradually compose an energy profile based on them rather than on
conventional sources. In the larger part of the European continent, the electricity
supply -that for most of its history depended on fossil fuels- is rapidly moving towards
renewable sources. The European Union has already set a long-term target to increase
the share of electricity generated from renewable sources to an 80% by 2050 (IEA,
2020), and the countries that were examined in the previous chapter follow more or
less similar policies.

In this chapter, are highlighted the changes across renewable energy sources, in terms
of electricity generation and total installed capacity over a period of 30 years. We also
note down the geopolitical factors that may have affected those changes. The data
used, range from 1992 to 2021 covering a full three-decade period and refer to the
countries that were already examined in chapter 3. The recording is done for each
renewable source separately including hydro, wind and solar and the last sub-chapter
is dedicated to the renewables as a whole.

4.2 Hydropower

Hydropower has played a key role in the energy sector of most European countries,
as until now it has been the most used renewable source for electricity generation
producing 511 TWh in the studied countries in 2021 alone. Considering the variable
nature of the other renewables (wind and solar), the presence of hydropower in the
electric system is vital, since the large hydroelectric plants have the ability to store
water in reservoirs and supply the grid with electricity within minutes. In this respect,
they are able to cover the total demands and balance the grid during the peak
consumption periods.

The amount of electricity produced from hydropower highly varies between the
European countries as seen in Figure 4.1. Norway, Iceland and Austria have the
highest participation of hydro to their electricity mix, mainly due to their mountainous
relief that allows them to construct large dams in steep valleys and take advantage of
the high water potential, while island countries like Cyprus and Malta produce zero
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hydroelectricity as their small size and limited water resources (rivers) makes
hydropower unsuitable for the cover of their electricity demand.

Percentage of Generated Electricity from Hydro (2021)

s
>
o0

*

2021
I 100,00%

50,00%

I 0,00%

— -

MNapéxetal ano to Bing
7 © GeoNames, Microsoft, Open Places, OpenStreetMap, TomTom, Wikipedia

Figure 4.1: Percentage of Generated Electricity from Hydro in Europe (2021).

In terms of generation capacity, Norway comes first counting almost 35 GW in 2021,
followed by France, Italy, Spain and Sweden, while the island countries mentioned
above have no hydroelectric installations (Figure 4.2). The total capacity of
hydroelectric power plants has shown a steady growth since the early 1990s and as of
2021 it has exceeded 190 GW in the studied countries, as demonstrated in Figure 4.3.
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Figure 4.2: Hydro Generation Capacity by Country (2021).
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Figure 4.3: Change in the total Hydro Generation Capacity of EU-27 plus Iceland, Norway
and the UK.

As we can see, installed capacity does not have an annual variation, in contrast to the
electricity generated each year from the hydroelectric facilities. This mainly occurs due
to climate and hydrological conditions like the temperature and the total precipitation
aregion receives during a specific time period. Those factors highly affect the quantity
of water and thus the operation of the power plants both at seasonal and in annual
level. For instance, snow melting leads to higher flow rates during the late spring and
summer, creating a periodical increase in the availability from the perspective of one
year’s period; on the other hand, large droughts affect the largest timescales like a
few years (Ggtske & Victoria, 2021). Other factors affecting electricity generation
include the way a country operates its hydroelectric plants -as base or peak electricity
infrastructure- and of course the level of contribution of the other electricity sources
to the mix.

Although the installed capacity of the hydroelectric power plants continuously
increases since 1992, hydropower’s percentage in the total generation capacity
presents a small decline in the 30-year period we study. Figure 4.4 shows that with a
few exceptions, most of the European countries -including those who have large
integration of hydro- have reduced their percentages with the biggest decrease being
visible after 2010. The main reason, for this is the rapid accession of variable
renewables (solar and wind); the quick pace of construction of those power facilities
has increased remarkably the total capacity, leaving a smaller share to hydro.
Exceptions include countries like Slovakia, Slovenia and countries of eastern Europe
like Bulgaria or Romania, which have not yet invested extensively to other renewables
than hydro. The case of Lithuania is of great interest, as despite increasing its solar and
wind capacity, the decommissioning of its nuclear plants, has helped hydro increase
its percentage to the total capacity of the country.
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Figure 4.4: Change of hydro as part of the total generation capacity.

The same conclusions arise from the following figure that demonstrates the
percentage difference in electricity production from hydropower facilities across
Europe from 1992 to 2021 (Figure 4.5). The map shows that most of the countries
have reduced the participation of hydro to the mix by covering the demand with other
renewable sources. A typical example is that of Iceland, which indicates a fall in the
contribution of hydro mainly due to the introduction of geothermal power stations to
the country; and although the total amount of hydroelectricity produced in Iceland
has more than doubled, the increase in demand and in geothermal generation have
dropped the percentage of hydro to the mix from an almost 95% in 1992 to 70% in
2021 marking a fall of 24 percentage units. The countries of central Europe have
maintained the participation to more or less the same levels, while the countries of
eastern Europe have slightly increased the share of hydropower in their mix.
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Figure 4.5: Percentage Difference of Generated Electricity from Hydro.
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Finally, it is worth mentioning that despite the reduction of the share of hydropower
in most countries’ electricity mix, its total installed capacity continues to grow as it
serves as a safety net and secures each electric system -mostly because of its ability
to store power and use it when needed- against the risk deficit in the electricity supply.

4.3 Wind

Wind power has undergone an impressive transformation in Europe the recent years
and it is becoming a very critical component of the continent’s energy strategy.
Currently it is the largest renewable -excluding hydro- source of electricity in Europe,
producing annually more than 460 TWh (2021 record). Taking into consideration the
total generation capacity of all the operating wind farms across the studied countries,
wind power has even left hydro behind, marking a total of 219 GW installed in 2021.
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Figure 4.6: Change in the total Wind Generation Capacity of EU-27 plus Iceland, Norway
and the UK.

The wind capacity has shown an exponential increase since the mid-1990s as
demonstrated in Figure 4.6, mainly due to the necessity of integration into the
European grids of low-carbon electricity, in order to achieve the decarbonization
targets. Figure 4.7 shows the generation capacity by country, indicating that as of 2021
Germany has by far the most in absolute numbers, exceeding 60 GW and more than
double than of Spain, which comes second to the list.
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Wind Generation Capacity by Country (2021)
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Figure 4.7: Wind Generation Capacity by Country (2021).

Along with the total capacity, the share of wind power to the composition of each
nation’s electricity capacity continuously increases, with no exceptions, and as of
2021, many countries have a percentage of wind capacity over 20%. Denmark and
Ireland currently have the largest share of wind installations integrated into their
electric systems with 42% and almost 39% respectively. Figure 4.8 indicates that the
major growth of wind power took place in the 2000s with a considerable increase in
the following decades, except for Denmark, which started developing both offshore
and onshore wind power projects as early as 1970; taking advantage of its location
between North and Baltic Sea and the area’s high wind potential, the country has
achieved the highest percentages of wind participation between all electricity systems
across Europe.
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Figure 4.8: Change of wind as part of the total generation capacity.
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The amount of electricity produced from wind farms, and the contribution of wind
power to the generation mix also varies from country to country, but overall, they
both have been ceaselessly increasing since 1992. The main reasons include
technological improvements that have been made both on the turbines size and
efficiency. This allows for largest and more efficient wind turbines with the capability
of producing more electricity compared to the past. The new technologies have also
led to important cost reductions and have increased the countries’ investments in this
type of renewable energy. Figures 4.9 and 4.10 present the percentage of generated
electricity coming from wind in 1992 and 2021 respectively. It is clear that all the
countries have increased the share of wind power in their mix, and most of them at
remarkable levels; the majority had almost 0% contribution of wind power in 1992
and managed to reach the level of producing one third of their total electricity from
wind in less than 30 years with Ireland and Lithuania being such examples. Finally,
Denmark (as of 2021) has managed to produce almost half of its electric power from
wind farms, ensuring the country’s leading position in wind power at a global level.

Percentage of Generated Electricity from Wind (1992)

1992
l 3,00%

1,50%

I 0,00%

MNopéxetal ano to Bing
© GeoNames, Microsoft, Open Places, OpenStreetMap, TomTom, Wikipedia

Figure 4.9: Percentage of Generated Electricity from Wind in Europe (1992).
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Figure 4.10: Percentage of Generated Electricity from Wind in Europe (2021).
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4.4 Solar

Along with wind power, solar power has experienced an impressive penetration
throughout the years. Currently it is one of the fastest growing energy sources in
Europe and its evolution is an output of the technological advancements and the
changes in energy policies of each country. As of 2021, its total generation capacity
had reached 180 GW, while at the same time 176 TWh of electricity were produced in
the countries we investigate.

Solar power is a relatively new way of generating electricity and began to appear on a
very low basis in 1990. Its initial growth phase included pilot and research projects and
until the mid-2000s the total solar capacity in Europe did not exceed 1 GW. From then
on, the improvements in technology allowed the construction of more efficient and
cheaper panels that produced more electricity. Therefore the next decade (up to mid-
2010s) solar power experienced an explosive growth, managing to increase its
capacity one hundred times, and reach 100 GW until 2015 (Figure 4.11). Since then,
the sector’s growth has maintained its excellent pace mainly due to the significant cost
reductions of photovoltaic panels (more than 80% since 2010) and favorable policies
of the European Union, in an effort to achieve its ambitious energy plans and reach
600 GW in solar capacity until 2030 (European Commission, n.d.).

According to Figure 4.12, the biggest investments have been made by Germany, Spain
and ltaly, followed by the Netherlands, France and the UK, which all happen to be
some of the continent’s largest electricity producers and consumers. On the other
hand, we see that the countries of northern Europe, tend to have comparatively
smaller total capacities, as their high geographical latitude implies lower solar
potential and less electricity produced.
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Figure 4.11: Change in the total Solar Generation Capacity of EU-27 plus Iceland, Norway
and the UK.

59



Solar Generation Capacity by Country (2021)
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Figure 4.12: Solar Generation Capacity by Country (2021).

The following figure (Figure 4.13) shows the percentage of integration of solar power
to each country’s total capacity. As mentioned before, solar installations were
introduced on a large scale after 2005 so their share to each system’s capacity started
becoming visible in the 2010s and took a big leap upwards during the 2020s. Currently,
the Netherlands, Malta, Belgium, Germany Hungary and Greece have incorporated
solar power to a percentage larger than 20% of their domestic generation capacity,
while others like Norway Iceland and Latvia continue to have small shares as
mentioned above.
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Figure 4.13: Change of solar as part of the total generation capacity.

In terms of electricity generation from photovoltaic systems, all the European
countries have at some point increased the participation in their mix, although some
of them maintain small shares. Figures 4.14 and 4.15 present the percentage of
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generated electricity coming from solar power in 1992 and 2021 respectively. The
maps indicate that countries of southern Europe have achieved largest increase in the
shares of electricity produced by solar power due to the highest solar potential of the
smaller latitudes; examples like Spain, Italy and Greece have moved from shares of
practically 0% in 1992, to almost 10% in 2021.
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Figure 4.14: Percentage of Generated Electricity from Solar in Europe (1992).
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Figure 4.15: Percentage of Generated Electricity from Solar in Europe (2021).

4.5 Renewables in total

The European countries, motivated by the need to reduce greenhouse gas emissions
and thanks to the improvements in technology, are gradually shifting to a more
sustainable energy system. Therefore, the wide expansion of the renewable sources
of energy has transformed the landscape of electricity generation since 1990.

In terms of both generation capacity and electricity produced, until the end of the
1990s, renewable energy’s portion was principally dominated by hydropower as
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electricity production from other renewable sources hadn’t yet matured.
Nevertheless, the new millennium brought significant changes in technology and
energy policies making variable renewables flourish and grow at an exponential pace.
Figure 4.16 demonstrates the change in total renewable installed capacity of the
countries we study; we see the first years until 2000 that have relatively stable values
(mainly supported by hydropower installations) followed by the rapid growth in
capacity during the integration of solar and wind power.
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Figure 4.16: Change in the total Renewable Generation Capacity of EU-27 plus Iceland,
Norway and the UK.

In Figure 4.17 is shown the percentage of integration of renewable power into each
country’s total capacity. As expected, most of the countries show an increase over the
years, with some of them reaching a share higher than 60%. These include Norway,
Iceland, Austria and others and the main reason is the large amount of hydro in their
systems. It is of great interest, that Latvia is the only country whose share in
renewables drops over the years. This could be explained considering its small size and
the fact that until the 2010s it continued investing in natural gas thermal plants at a
higher rate than in renewables, although in terms of generated electricity
participation of renewables has also increased.
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Figure 4.17: Change of renewables as part of the total generation capacity.

The next figure shows the change in the composition of the generation capacity
between 1992 and 2021 for the 30 countries we study cumulatively (Figure 4.18). We
see that today renewables are the dominant source in terms of installed capacity as
they have already doubled their share from a 24% during 1992 to a 52% in 2021. On
the other hand, fossil fuels show a large decline from 56% to 38%, and nuclear power
from 20% in 1992 is now down to half representing only one tenth of the total capacity
in 2021.

Share of each source in Generation Capacity Share of each source in Generation Capacity
(1992) (2021)

Nuclear

Nuclear 10%
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Figure 4.18: Generation Capacity by Source in 1992 and 2021.

The same trends of increase in renewables and fall in combustibles and nuclear are
observed in the amount of electricity generated (Figure 4.19). Renewables have
moved from an annual production of 500 TWh -during the period when only
hydropower was used extensively- to almost the triple value in the beginning of the
current decade surpassing fossil fuels, which for a long time remained the principal
source of electric power in Europe.
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Electricity Generation by Source
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Figure 4.19: Electricity Generation by Source since 1992.

Overall, the incorporation of renewable sources into each country’s electricity mix is
progressing very rapidly, and all the European countries have significantly increased
the percentage of their domestically produced electricity that comes from renewables
during the last 30 years.

Figures 4.20 and 4.21 depict that change in the share from 1992 to 2021 for each
country separately. It is visible that except for countries like Norway and Iceland -that
already depended on renewables in the 1990s for electricity generation- the others
have managed to integrate at impressive rates renewable electricity into their
generation mix. As of today 21, (more than two thirds) of the European countries listed
below generate at least one third of their electricity exclusively from renewable
sources, compared to only 7 countries in 2021, with the trend showing that even more
will reach that share in the near future.
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Figure 4.20: Percentage of Generated Electricity from Renewables in Europe (1992).
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Figure 4.21: Percentage of Generated Electricity from Renewables in Europe (2021).
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Chapter 5: Changes in capacity factors

5.1 Introduction

The capacity factor can be affected by a variety of factors. Specifically, the type of the
power plant and the primary energy source are key determinants; renewable sources,
and especially variables like wind and solar power, tend to have comparatively lower
capacity factors, principally due to the fluctuating nature and the availability of the
resources. Refueling, unplanned shutdowns and scheduled maintenance are also
principal drivers, as frequent and long-term breakdowns lead to smaller values of the
capacity factor (Muratori et al., 2017). Finally, the capacity factor is also affected by
operational decisions that are highly associated with each system’s demand
management and in general its energy policy.

Overall, the capacity factor is a performance metric, that quantifies the effectiveness
of a power plant and it reflects the plant’s contribution to the total electricity supply.
In a way it constitutes the identity of each energy project. In a high level, its value can
indicate the economic performance of the plant, as higher capacity factors mean a
more consistent and reliable electricity supply, making the project more efficient in
terms of costs related to it.

This chapter is dedicated to the changes the capacity factors have undergone during
the last 30 years all over Europe. The capacity factors are listed by electricity source -
including fossil fuels, renewables and nuclear- and the data range from 1992 to 2021
following the previous chapters.

5.2 Renewables

5.2.1 Hydro

As already mentioned in a previous chapter, there are a few ways to classify
hydroelectric power plants. The first one is by taking into account the plant’s size and
depending on its total installed capacity describe it as small or large, according to each
country’s (or region’s) legislation. The small hydro definition varies between 2.5 and
25 MW but generally the most widely accepted value is up to 10 MW (Paish, 2002).
The other way is by the type of its scheme; if it has storage capacity -with or without
pumped storage ability- or is run-off-river. In most cases, run-off-river hydropower
plants and plants with small storage ability are small scale while plants with reservoirs
are usually large scale (Irena, 2012).

The capacity factor of hydropower plants varies a lot compared to other -renewable
and not- technologies, mainly due to the flexibility that the different types of power
plants offer. For instance, capacity factors of small-scale projects (and more
specifically run-off-river) tend to vary, as the water flows present seasonal changes,
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and the lack of storage capacity creates operational constraints. This way of operation
has a small flexibility in terms of the chronical distribution of the total generated
electricity as the power is produced when available and not when needed. On the
other hand, large hydropower reservoirs are more flexible, as the production of
electric power is more controllable thanks to their ability to store the water. Hence, it
is easy to operate both as baseload power plants offering fixed amounts of electricity
to the system, and most importantly as peak-load power facilities, by providing
electricity only to cover the demand during the peak hours (Irena, 2012). Overall, the
way hydropower plants operate, is a choice taken in the framework of the strategic
planning of each country’s electricity system, and in the case of larger plants, the
capacity factor is smaller if they operate as peak-load and larger if they are designed
as baseload energy infrastructure.

The total capacity factor of hydropower varies a lot across the countries of the
European continent as it is highly affected by the energy policy and the availability of
water resources of each country. Figure 5.1 demonstrates the average values the
hydro capacity factor takes during each one of the three decades we study. We see
that Iceland, Norway, Finland and Sweden have the highest hydro capacity factors,
with Iceland exceeding 0.70 during the decade 2012-2021; the outputs are totally
reasonable as most of these countries use hydropower as their main source of

electricity.
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Figure 5.1: Change of hydro capacity factor by decade in selected European countries.

Assuming that capacity factors larger than 0.30 indicate that the country’s power
plants are used as baseload projects, we see that one third of the countries below use
hydropower as base infrastructure for electricity generation. As expected, countries
where the average annual precipitations are higher, and the topography favors the
construction of large, dammed reservoirs, present the following characteristics: they
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have a larger integration of hydropower to their electricity mix and at the same time
the highest values of hydro capacity factor, with Austria, Croatia and Slovenia being
typical examples along with the ones mentioned above. One interesting exception is
Hungary which -while being a country without extensive hydro installations- has had
capacity factors above 0.40 during the last thirty years, and that’s probably because
its few hydropower plants that are exclusively small scale and mainly run-off-river,
have sufficient water flows that allow them to operate during a reasonable amount of
time annually. The other countries’ capacity factors vary between 0.05 and 0.25, as
they use their facilities mainly as peak-load power stations. Figure 5.2 captures these
variations across Europe, as the map shows the average hydro capacity factors by
country during the last of the decades studied.
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Figure 5.2: Capacity factors of hydropower in Europe during the decade 2012-2021.
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Figure 5.3: Change in the average hydro capacity factor of EU-27 plus Iceland, Norway and
the UK.

68



The values of the capacity factors of each separate country have remained relatively
stable during the last 30 years and have even presented a small decline in a few
countries, as the gradual integration of variable renewables has led to higher
electricity production from wind and solar, leaving a smaller share of development for
hydro. Overall, the average hydro capacity factor of the European countries we study
has maintained its value more or less around 0.27 with small variations as seen in
Figure 5.3. That happens principally because the increase of the total hydro installed
capacity and hydro electricity production have the same rate so the ratio between the
two remains the same. Finally, it indicates that hydropower in Europe functions as a
backup source, mostly used to enhance energy security and cover the electricity needs
during the peaks in demand rather than a baseload source of electric power.

5.2.2 Wind

Electric power produced from wind, has shown a dramatic increase over the past 20
years and is now the leading non-hydro renewable source of energy. The amount of
electricity generated from wind power installations today depends on many
parameters, like the characteristics of the wind turbines and the properties of the
wind resources of each area (Abed & EI-Mallah, 1997), and differs a lot compared to
the past mainly thanks to the technological advancements in the sector. Since the
capacity factor is partially determined by the electricity production, all the above
affect its value significantly.
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Figure 5.4: Change of wind capacity factor by decade in selected European countries.

Firstly, the improvements in the wind power technology have made the turbines more
efficient and have allowed them to operate over a larger span of wind speeds,
increasing the total period of generation and at the same time the capacity factor.
Figure 5.4 demonstrates the average wind power capacity factors by decade for each
one of the countries members of the European Union along with Iceland, Norway and
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the United Kingdom. We can see that the values follow an ascending trend moving
from average capacity factors of 0.15 in the 1990s to 0.25 during the last one of the
three decades.

According to the theoretical wind power equation, electricity generation depends on
the wind speed, and the geographical location is also a key determinant of the amount
of energy produced and by extension the value of the capacity factor. For the same
installed capacity, a wind turbine would possibly produce more electricity and have a
larger capacity factor if it was placed in a region with high wind potential, than in a
region with lower average wind speeds (assuming that the average wind speeds would
not exceed the shutdown limits of the turbines that exist for technical and safety
reasons).
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Figure 5.5: Capacity factors of wind power in Europe during the decade 2012-2021.

Figure 5.6: Average wind speeds in Europe. The red color indicates higher speeds (Global
Wind Atlas).
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Figure 5.5 presents the average wind capacity factor of each European country during
the decade 2012-2021, while Figure 5.6 shows the average wind speeds across
Europe. By examining, we observe higher speeds along the Atlantic Ocean, the North
Sea, the British Isles and the Aegean Sea (Enevoldsen et al., 2019) and as expected the
capacity factors of these regions take larger values. Therefore, countries like Denmark,
the United Kingdom, the Nordic Countries, Portugal and Greece have the highest
capacity factors across Europe.

Apart from the above, the capacity factor is also affected by the characteristics of the
wind turbines and their position compared to the land with the latter practically being
the parameter of geographical location; offshore wind farms tend to have higher
capacity factors, as above the sea there are no obstacles, and the wind speeds are
higher (Irena, 2012). Regarding the turbines’ characteristics, largest heights and
largest blade lengths lead to higher electricity generation -as wind speeds increase
with the altitude and the area of the turbines affects the power output- and at the
same time higher capacity factors.

Overall, the average capacity factor of the wind power installations in Europe has
presented a significant growth over the years and has moved from values close to 0.15
in the 1990s to 0.25 in the most recent years as seen in Figure 5.7. Today there are
many countries above and some below that average but in general the capacity factors
have increased thanks to the continuous improvements in technologies that allowed
the fast-paced development of this source of electricity.
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Figure 5.7: Change in the average wind capacity factor of EU-27 plus Iceland, Norway and
the UK.
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5.2.3 Solar

The use of solar power for electricity production has shown an exponential increase
inthe last 15 years in Europe. It is a variable renewable energy source (along with wind
power) as the nature and the availability of its resources are more fluctuating
compared to other renewables (e.g. hydropower with storage ability) and the
electricity generation from this type of energy relies on sunlight availability.
Consequently, the capacity factor of solar power plants also depends on the sun.

Generally, photovoltaic capacity factors take smaller values than other sources and
typically range between 0.10 and 0.20. This could be explained because electricity is
produced only during the day and considering that throughout the year, there are on
average 12 hours of daylight and 12 hours of night each day, it is impossible for the
solar panels to operate cumulatively more than half a year. So, the maximum capacity
factor they could potentially achieve is no higher than 0.5. But daylight is not the only
condition for the panels to operate with efficiency. The climatic conditions of a region
are also key determinants to the operation of solar power plants, as more cloudy
climates do not allow large amounts of sunlight to reach into the surface during the
year, reducing the total functioning hours of the panels. The amount of solar
irradiation and its angle compared to the ground also affect the generation and by
extension the capacity factor. Finally, the technological progress made in solar panel
technologies during the last decade has made them more efficient and has increased
their capacity factor.
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Figure 5.8: Change of solar capacity factor by decade in selected European countries.

Figure 5.8 shows the average solar capacity factors for each European country during
each one of the three decades we studied. We see that only a few countries have
measurable values during the first decade, mostly because of experimental solar
projects, and show small capacity factors. As solar power is a relatively new source of
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electricity, it began to grow after the middle 2000s and the capacity factors followed
an ascending rate from then on as the improvements in efficiency permitted largest
amounts of electric power to be produced. The capacity factor increased in impressive
numbers and in many countries it more than doubled, indicating the large
development this source of energy achieved. Currently, the countries with the largest
capacity factors in Europe are Spain, Portugal, Greece and Cyprus. Figures 5.9 and 5.10
demonstrate the average solar capacity factor of each country during the decade
2012-2021, and the horizontal solar irradiation across Europe respectively. As
expected, we observe that countries of southern Europe which have the smallest
latitudes and receive larger amounts of radiation, have impressively larger capacity
factors than the countries of the northern part of the continent.
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Figure 5.9: Capacity factors of solar power in Europe during the decade 2012-2021.
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Figure 5.10: Horizontal solar irradiation in Europe. The red color indicates higher amounts
of irradiation (Global Solar Atlas).
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Overall, solar power’s average capacity factor has shown an impressive growth in
Europe since its initial launch into the continent’s electricity systems. Figure 5.11
shows that from average values of 0.02 until 2000, it has gradually exceeded 0.10
during the last decade mainly due to the improvements in solar panel efficiency. Today
it has reached a fixed value of 0.12 with no visible trends for further increase.
Therefore, the arising challenge for the solar sector in the near future will be the ability
to develop further the technology around solar panels in order to achieve even larger
capacity factors.
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Figure 5.11: Change in the average solar capacity factor of EU-27 plus Iceland, Norway and
the UK.

5.3 Nuclear

Along with renewables, nuclear sources are considered one of the most important
tools for the reduction of CO, emissions of the energy sector (Pata & Samour, 2022),
and until now have been used extensively by a number of European countries. Nuclear
power plants have the ability to generate consistent and reliable supplies of electricity
and enhance the energy security of each electricity system. The nuclear reactors
typically have very high capacity factors compared to other low-carbon sources of
electricity, as the continuous operation of the plants generates electricity during the
largest part of the year -by providing baseload electricity- and they only stop during
maintenance works or planned refueling outages.

In Europe, nuclear power plants have large capacity factors that historically vary
between 0.75 and 0.85 as shown in Figure 5.12. From the graph we observe that only
half of the studied countries use nuclear power, as many European states’ policies are
strongly anti-nuclear (World Nuclear Association, n.d.) but the ones using it have
either stable or increasing numbers in their capacity factors especially after 2000. We
see that most of the countries have great performance by having values that exceed
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0.80 during the decade 2012-2021. In the case of Lithuania although, we see that
despite the increasing trend, the capacity factors dropped to zero during the last
decade, as the country decided to fully decommission its nuclear power plants from
2010 and afterward, when the electricity production from nuclear sources was
abolished. On the other hand, countries like Finland score the best, having capacity
factors close to 1.00, indicating the continuous and highly efficient operation of their
nuclear facilities.
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Figure 5.12: Change of nuclear capacity factor by decade in selected European countries.
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Figure 5.13: Change in the average nuclear capacity factor of EU-27 plus Iceland, Norway
and the UK.

If we macroscopically look at the European continent, we will notice that the nuclear
capacity factor began from an average of 0.78-0.80 in the first examined decade and
stabilized to 0.86 during the last 15 years presenting a slight increase (Figure 5.13).
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One possible interpretation could be the fact that the first attempts for the
decarbonization of electricity production started in the 1990s and the (low-carbon)
nuclear plants increased their generation -without a visible increase in the total
capacity- resulting in a growth in the capacity factors. But after 2000, when solar and
wind power started entering the European grids, the generation from nuclear plants
was limited; and that combined with a small decrease in the total capacity -as
countries like Lithuania started phasing out their plants- led to a stabilization of the
nuclear capacity factor to the values seen above.

In summary, nuclear power facilities achieve larger capacity factors than other sources
of energy and are suitable for baseload electricity infrastructure as they are reliable
and secure the power supply. Nevertheless, nuclear energy faces challenges mainly
because of the rapid integration of variable renewables into the system, that work as
substitutes, compete with nuclear in the low-carbon emission race, and gain ground
in a continent where half of the countries have already adopted no-nuclear policies.

5.4 Fossil Fuels

The term fossil fuels usually refers to a combination of primary energy sources like
natural gas, coal and oil (petroleum) that are used to generate electric power in
thermal power plants. As already described in Chapter 2, fossil fuels were for the
largest part of European history the number one source of electricity, but today their
use is being restricted because of their pollutive nature and their negative impact on
global warming. Depending on the type, and the role of each source within each
separate power grid (e.g. baseload, peak load, backup generation), fossil fuels show a
range of capacity factors, which are affected by the demand for electricity supply and
of course the energy policies of each country. In general, natural gas and coal plants
have higher capacity factors as they are used as base electricity infrastructure,
compared to oil fuelled facilities that usually operate to cover the demand during the
peak hours. On conventional thermal plants that operate as baseload facilities,
capacity factor usually does not depend on the time of the operation (as they are
operating almost constantly throughout the year) but on the share of their nominal
capacity that is being used.

The energy strategy between each European state differs a lot regarding the use of
fossil fuels. As seen in Figure 5.14, there are countries that use conventional sources
of electricity as their baseload power supply -including Portugal, Poland, Germany and
Greece- and have capacity factors that exceed 0.50 and even 0.60 in some cases
(Greece until the early 2010s). On the other hand, countries like France, Norway and
Sweden that principally rely on nuclear and hydropower respectively, choose to have
conventional power plants as a backup and take advantage of only a small part of their
total capacity, resulting in significantly lower capacity factors.
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If we take a closer look, we will notice that the capacity factors of fossil fuels have
marked a significant decline in Europe during the last 30 years, as a result of the energy
transition the continent undergoes. Most of the countries’ values -including the ones
with very high values like Germany and Greece- have decreased as a result of the
gradual growth in the share of renewables; as the electricity covered by renewables
continuously increases, conventional power plants operate less and less (Bolson et al.,
2022). However, there are countries that haven’t yet managed to integrate
renewables at a large share into their systems, resulting in stable or even increasing
values of the fossil capacity factors like Romania and Bulgaria respectively. A special
case is Luxembourg, which shows large variations in each decade’s average values.
This is explained by the small size of the country and its mainly importing electricity
policy, which makes it generate electric power only when necessary, making its
capacity factors increase.
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Figure 5.14: Change of fossil fuels capacity factor by decade in selected European
countries.

Overall, the average fossil fuel capacity factor of the countries we study has shown an
interesting evolution through the last three decades. As we see in Figure 5.15, for the
first 15 years from 1992 to the late 2000s, it remained at an average value of around
0.40, while afterwards it started dropping and stabilized below 0.30 after the second
half of the 2010s. The decreasing trend matches chronically with the large-scale
integration of variable renewables into the European grids, and it was caused
principally by the large reduction in coal generated electricity (as coal was up to then
the principal conventional source of electricity and the one with the highest carbon
emissions compared to oil and gas). However, the total installed capacity of fossil fuels
increased, as new natural gas thermal plants were constructed to replace coal plants,
while at the same time coal plants were not fully decommissioned and remained
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connected to most countries’ grids as a backup plan for the supply security. This
combination of smaller amounts of generated electric power with larger numbers of
generation capacity led to a rapid decrease in the total average capacity factor of fossil
fuels in Europe, which in a short period has been reduced by more than 25%.
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Figure 5.15: Change in the average fossil fuel capacity factor of EU-27 plus Iceland, Norway
and the UK.

5.5 Total Capacity Factors

Having already seen the changes of the capacity factors at a source-concentrated level
for each one of the European countries we can easily expand the term at a national
level and investigate how the total capacity factor of each country has changed over
the decades. As total capacity factor we consider the ratio of all the generated
electricity in the country, to the potential electricity the total installed capacity of the
system could produce regardless of the primary source.

The changes in the total capacity factor from 1990 and afterward vary between the
European nations, but generally in most of the countries they follow the same trend.
Figure 5.16 shows the changes in their average values for each separate decade. We
see that most countries follow the same pattern; they have stable or even slightly
increased capacity factors between the first two decades and then they show a large
drop, principally due to the wide introduction of variable renewable sources and the
shift to cleaner electricity. This shift impacts the overall capacity factor, as wind and
solar facilities typically have lower capacity factors. We spot countries like Belgium,
Hungary, Germany, Poland and others with traditionally high values of capacity factor,
to have significantly reduced the used amount of their total generation capacity and
in most cases drop even below 0.40. On the other hand, we see that countries like
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Bulgaria and Iceland have increased their total capacity factor as they have not yet
integrated considerable amounts of variables into their systems; the first one is still
strongly dependent on fossil fuels and nuclear power while the latter uses
hydroelectric and geothermal power almost exclusively. Figure 5.17 projects the
changes in the average capacity factor of each country between the first and the last
decade of our study. From the map we can conclude that countries with smaller
integration of variables have maintained or slightly increased their values.
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Figure 5.16: Change of total capacity factor by decade in selected European countries.
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Figure 5.17: Change of Average Capacity Factor between the 1990s and 2010s.

Another interesting conclusion is that countries that are mainly importers of electricity
like Luxembourg, Latvia and Lithuania, have very small capacity factors as their well
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interconnected grids allow them to import their energy needs and use their installed
capacity only as backups.

Overall, the European continent as a whole shows the same changes that were
mentioned before. The average value of the capacity factor was at a fixed level of
more or less 0.45 until 2008, when it started decreasing and reached 0.35 in 2021
(Figure 5.18). This can be explained by considering that the rise of variable renewables
adds more to the total generation capacity of the European system. At the same time,
most of the countries are trying to phase out their conventional facilities and more
specifically their coal power plants in an effort to produce low-carbon electricity; they
reduce their operation but without fully decommissioning them and they keep the
capacity to the grid as a way to enhance the electricity security. However, the total
demand for electric power in Europe has remained stable and hasn’t increased at all,
causing the total capacity factor to drop. The result is that the share of installed
capacity does not correspond to the share of electricity generated and it is a result of
the exponential participation of renewables in the energy mix. As more solar and wind
are added to the energy system, they will reduce the total capacity factor (Bolson et
al., 2022).
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Figure 5.18: Change in the average total capacity factor of EU-27 plus Iceland, Norway and
the UK.

From the above we can conclude that the gradual increase of the share of renewables
in the European electricity mix has caused the total capacity factors to decline over
time. This can be confirmed by plotting the values of the total capacity factor between
1992 and 2021 against the percentage of renewable sources as part of the total
generation capacity of Europe. Figure 5.19 shows a very strong negative correlation
between the two with an R? of more than 0.81.
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Total Capacity Factor against Percentage of
Renewables in Installed Capacity (1992-2021)
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Figure 5.19: Total Capacity Factor against Percentage of Renewables in Installed Capacity
(1992-2021).

If we do the same not taking in mind the first decade of our data -when the only
renewables to the system were hydro- we see an even stronger correlation between
the two values with an R? that exceeds 0.94, confirming the strong relation between
the increase of variable renewables and the decrease of the total capacity factor.
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Figure 5.20: Total Capacity Factor against Percentage of Renewables in Installed Capacity
(2002-2021).

Finally, it is worth mentioning that correlation does not imply that the capacity factor
does not depend on other factors as well but shows a strong connection between the
first and the integration of solar and wind power into Europe’s electricity systems.
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Chapter 6: Economic approach in electricity domain

6.1 Introduction

The electricity components we analysed in the previous chapters -including the
generation capacity, the electricity generation and demand, the composition of the
electricity mix and the capacity factors- have undergone significant reforms during the
last 30 years in Europe. They were examined by accounting for the changes in the use
of each primary energy source for electricity generation driven by the energy policy of
each European country. However, the largest part of the electricity domain is also
affected by the economic performance of the continent and vice versa, so the
examination from an economic perspective would produce useful conclusions.

In this chapter, we will try to investigate how the economy affects electric power, by
examining the impact of basic economic indicators like the Gross Domestic Product
(GDP) on electricity components. We will also try to find a relation between the
electricity prices and changes in the sector.

6.2 The impact of GDP on electricity components

Gross domestic product, also known by its abbreviation as GDP, is the total monetary
value of all goods and services produced by a country (or a region) during a specific
period of time (usually it is measured on an annual basis). It is the most used way of
measuring each country’s economic activity and performance. The division of the GDP
with the total population of an area gives us the GDP per capita and it is a way of
measuring and comparing the living standards between different regions.

As already mentioned, GDP indicates the economic growth of a country, and the
increase in its value is a sign that an economy is doing well. In Europe, GDP has shown
a significant increase from the 1990s and so has GDP per capita proportionally;
considering that the European population has remained relatively stable over the last
30 years; an increase in the total GDP is translated as an increase in GDP per capita
too. Figure 6.1 demonstrates the evolution of the average per capita GDP of EU-27
plus Iceland, Norway and the United Kingdom from 1992 to 2021 (in current thousand
US dollars). As we can see, from an average of 17,0005 during most of the 1990s, it
showed a large increase in the 2000s and it stabilized in a range between 35 and 40
thousand USS after 2010. It is worth mentioning that in this thesis we chose to work
with nominal prices; current GDP refers to each specific year’s value and it is not
adjusted for inflation, so its increase does not necessarily mean a real increase in a
region’s output. However, Europe has had low and stable inflation rates from 1990
and afterward (at least until 2021) so we do not expect dramatic differences in the
results.

82



Average GDP per capita of European Countries
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Figure 6.1: Average GDP per capita of EU-27 plus Iceland, Norway and the UK from 1992 to
2021 (in current thousand USS).

6.2.1 Electricity generation

The change in electricity generation of each country is affected by the consumption,
and the demanded amount highly depends on the economic growth of the region.
Economic growth often involves increased industrial activity, higher incomes and
larger urbanization rates that eventually lead to an overall higher electricity
consumption. As GDP in most cases indicates the performance of an economy, it is
expected to have a strong relation with the energy demand and at the same time with
the produced electricity.
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Figure 6.2: Correlation Coefficient R between per capita GDP and electricity generation for
each country (from 1992 to 2021).
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Figure 6.2 presents the correlation between the change in GDP per capita and
electricity generation (from 1992 to 2021) for each one of the European countries we
study. For the interpretation of the chart, we will consider that values of the
correlation coefficient R between 0.3 and 0.5 indicate a medium relation, larger than
0.5 a strong relation and values from 0.75 and above show a very strong relation. We
see that most of the countries we study present strong or very strong positive
correlations, confirming that electricity generation increases when there is a growth
in GDP. Exceptions include Denmark and Lithuania, which show medium and strong
negative correlation respectively, meaning that while the economy is growing the
produced electricity is decreasing. This can be easily explained considering that both
countries’ energy strategies took a turn at some time during the period we studied
and started applying importing policies; they reduced the amount of domestically
generated electricity, and they imported the rest to cover their demand, leading to
smaller electricity production whilst on economic growth.

6.2.2 Total capacity factors

The relation between the average capacity factor of each country and the change in
GDP is also of great interest. In Figure 6.3 we see that many European countries have
strong to very strong negative correlation between the two with only a few exceptions
indicating that economic growth is linked to lower values of the total capacity factor
of each county. The results are expected, since all European countries experience
continuous growth in their GDP so countries with large investments in variable
renewables (countries with large declines in their total capacity factors) are the ones
with the highest correlation.
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Figure 6.3: Correlation Coefficient R between per capita GDP and capacity factor for each
country (from 1992 to 2021).
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Exceptions include countries like Bulgaria, Romania and Iceland, which as analyzed in
the previous chapter showed an increase in their capacity factors -as they have not
yet integrated considerable amounts of variables into their systems- and for that
reason have a positive correlation of their capacity factor with their per capita GDP.
On the other hand, there are countries that show little to no relation at all between
the two. Those among others, include Finland and France which despite their
economic growth have maintained relatively stable capacity factors. A special case is
Greece, which although following the trend of reducing capacity factors, has
experienced different periods of economic growth and recession due to the country’s
long year economic crisis, resulting in no visible relation between GDP and capacity
factor.

6.3 Changes in electricity prices

As already discussed in Chapter 2, the electricity market of Europe is divided into two
separate segments (wholesale and retail market) and electricity prices in each one of
them are determined by a variety of factors. Generally, retail prices include the cost
of electricity production, so they are linked to the wholesale prices, but they also
include fees, taxes and levies that vary between European countries. In this thesis, we
choose to work with retail prices that refer to household consumers, since the data
has a larger range compared to the ones of the wholesale market. Figure 6.4
demonstrates the evolution of the average nominal electricity prices in €/kWh for
domestic consumers in the European Union from 1992 to 2021, excluding all taxes and
levies. These are the prices for households within the middle consumer category: Band
Dc (Annual consumption up to 3500 KWh) for data prior to 2007 and Band Dc (Annual
consumption between 2500 and 5000 KWh) from 2007 and later.
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Figure 6.4: Average household electricity prices of of EU-27 from 1992 to 2021 (nominal, in
€/kWh).
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As we can see, from an average of less than 10 cents during most of the 1990s, the
clear electricity prices for domestic users have increased significantly since 1998 (the
year that marks the opening of the EU electricity markets) and they exceeded 12 cents
after the early 2010s (Da Silva & Cerqueira, 2017). Respectively to the GDP (that was
discussed above) we expect that the use of nominal electricity prices will not change
dramatically the conclusions as there were small and stable inflation rates between
1992 and 2021.

6.3.1 Impact of GDP on electricity prices

The increase in per capita GDP seems to affect household electricity prices. As seen in
Figure 6.5, the correlation between the two is very strong, as the coefficient of
determination R? has a value that exceeds 0.82 (meaning an R larger than 0.90). From
that we conclude that the clear electricity prices on end-users are associated with the
economic growth in the European Union; an increase in the GDP per capita leads to
anincrease in the demand for electricity due to higher industrial activity and improved
living standards, which eventually drives up electricity prices.
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Figure 6.5: Household electricity prices plotted against GDP per capita only in EU-27 (1992-
2021).

6.3.2 Impact of capacity factors on electricity prices

Since the large-scale introduction of variable renewable sources of electricity in the
European systems around the 2000s and 2010s, the total capacity factors have shown
a dramatic drop in the majority of the studied countries. The previous chapter showed
the strength of the relation between the integration of solar and wind power into the
European grids and the decrease in the capacity factors. So, the next step is to
investigate if -and to what extent- the changes in the capacity factors (and by
extension the shares of renewables) affect the prices of electric power in Europe.
Using data from 1992 to 2021 we try to find out right below.
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Figure 6.6: Household electricity prices plotted against the total average capacity factor
only in EU-27 (1992-2021).

If we plot the household electricity prices against the total average capacity factor for
each one of the years mentioned above, we will see the visible relation between the
two (Figure 6.6). We see that there is a very strong negative correlation with an R?
exceeding 0.62 (meaning a correlation coefficient R almost -0.80), meaning that the
drop in the capacity factors leads to an increase in prices. It is worth mentioning that
the correlation between them is influenced by a complex combination of generation
mix, market dynamics, policy frameworks, and technological advancements. However,
higher capacity factors indicate more efficient use of generation assets, contributing
to stable and potentially lower electricity prices.
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Figure 6.7: Correlation Coefficient R between electricity prices and capacity factor for each
country (from 1992 to 2021).
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Figure 6.7 demonstrates the relation between the changes in electricity prices and
capacity factors for each one of the 27 member states of the European Union for the
period 1992-2021. We see that most of the countries follow the same pattern and
have in most of the cases R values between -0.60 and -0.90. On the other hand,
countries like Bulgaria, Romania and Estonia, where the capacity factors did not follow
a clear increasing or decreasing trend throughout all of the studied period and varied
at some time, show little to no correlation between the prices and the capacity factors.
Finally, Italy and Portugal show a medium positive correlation as the capacity factors
in those countries have been constantly dropping since 1990 while at the same time,
prices were steady or even slightly reducing.

Overall, can conclude that the decrease of the capacity factors in Europe and by
extension the large integration of variable sources (solar and wind) into each country’s
grid is strongly related to the change in clear electricity prices of the retail market and
along with other factors it affects the total amount of money paid for electricity by the
domestic consumers.
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Chapter 7: Conclusions

7.1 Thesis synopsis and conclusions

The aim of this thesis was to explore many of the aspects of the electricity domain in
Europe and based on a multicriteria assessment to investigate the changes in a variety
of electricity components throughout a period of 30 years.

Firstly, we did a review of the history and the basic elements of electric power, and
the methods of electricity generation. We went through the types of primary energy
sources used, and analyzed the advantages and downsides between conventional
sources, renewables and nuclear power. Fundamentals of the operation of electricity
markets in Europe were also discussed.

We created an energy profile for all 27 of the European Union member states along
with a few more countries, by providing information about the historical reforms in
their electricity production and demand. We also investigated the composition and
the evolution of each country’s electricity mix during a period spanning from the early
1990s up to the 2020s and recorded the changes in the total generation capacity.

Following this, we dedicated a chapter exclusively to the use of renewable energy
sources for electricity generation. Considering their contribution to the mitigation of
the consequences of climate change, we examined how each state moved from an
electricity sector based on fossil fuels to an energy system that is characterized by the
exponential integration of renewables. The effects of variable renewable sources
(wind and solar) on the energy strategy of each country were also discussed.

After evaluating the changes in the basic electricity components, we examined the
efficiency of each power source by using the capacity factor as an indicator and
concluded that renewable sources and principally the variable ones tend to perform
worse than conventional sources due to the fluctuating nature of their resources. We
also investigated the impact of the energy policies followed by the European states on
the capacity factors and interpreted the overall decrease of the capacity factors as a
result of the continent’s turn into cleaner and low-carbon electricity by large
investments in renewables.

Lastly, we did a brief review of how the economy affects the electricity domain, by
examining the impact of basic economic indicators like GDP on electricity components
and investigating the effect of Europe’s economic growth on the changes in electricity
prices.
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7.2 Future research perspectives

From the knowledge we gained so far, we detected some issues for further research

in the future regarding the electricity domain. Specifically:

0

Assessing the effectiveness of the European energy strategies in achieving the
low-carbon electricity goals set

Evaluating the effects of the increase of renewable sources on the stability of
the electric grids and the security of the energy supply chain on a national and
European level

Examining the optimization in the management of electric power production
and supply, considering the variability of renewable electricity generation and
the low large-scale storage ability

Analysing the performance of the liberalized wholesale and retail electricity
markets across Europe and their impact on basic electricity components
Investigating the impact of the war in Ukraine on electricity components and
energy security in Europe

Research on the above can provide valuable conclusions about the transformation of

the electricity sector in Europe and can contribute to the design and implementation

of more efficient -both in terms of production and in terms of cost- energy policies by

each country.
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