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"Erodm

Yxonog authc e Awoaxtopiniic Awateifric etvon vor avamtiel xan va e€etdoet T e@apuoyr Edehucti-
%V Alyopiuwy vroBondoluevwy and petompdtuna (Metamodel-assisted Evolutionary Algorithms,
MAEA) yw govo- xou mohu- xpitnptoxy) Bertiotonoinon tou npofhiuatog enéxtoons duvouxdTntag
ropaywYhc toyvoc (Generation Expansion Planning, GEP) pe ubnié pepidio nopaywmyhc and Avave-
oowee Inyéc Evépyewac (AIIE). Eva yovtého GEP umopel va cupfdher otn drodixacio Adne omo-
PAGEWY Yol TOV HECOTREOVECUO XU UAXPOTEOVECUO TROYEAUUUATIONO THpaYwYNS EVERYELIC. Muvidwg,
ATOGXOTEL GTNY ToEAY WY T GEVURIWY Yol TNV 0oVoULXd arod0TIXY, BUOCIUT Xl AoQai AelTovpYla EVOS
cuoTHATOS LoyVog Tou xooptloviar AapBdvovtog unddn T6co Tig TavES ETEVOUOELS GE TEOCUNXES
duVULXOTNTAG 600 Xou TN Peayunpddeoun Aertoupyio TOL CUGTAUATOS WY VoL, T.)Y. O TEOCOLOELOUOS
evbe oxovouxol o/ 1 tepBalhovtind BEATIOToU ENEVOUTIX0V TAGVOL Yiat TNV xGALN TN auEavouevng
Chtnone evépyetag xou topouatdlel allomio T Beoyumpddeoun Aettovpyia. Eva tétolo mpdBinuoe uropet
va Slotuntelel w¢ tedfinua fertiotoToinomng.

H emdlondn evog ouotiuatog 1oy bog ywelc eEXTOUTES pUTV XL T ALEAVOUEVOL UERIDLOL ToRoY WY NG
Twv AIIE odrynoay otny elooywyt| Slopdemy VEoY Tapopéteny oto poviéha GEP. Mo tétolo nopdye-
TEOC £Vl O EVTOTIUOUOS OLXOVOUXMY XAl TEYVIXWOY TEOXAHCEWY Tou oyeTilovton pe T Beoyumpdieoun
Aertoupyio Tou cuoTAUATOS WyYog oL Yo Unopoloe va elvol amaEalTnTN Yiot TNV a€lOAdYNoT TNG Ou-
VEQYELOC TNG EYXATECTNUEVNS LoYDOC Xl TwV auavopevwy eyxatactdoeny AIIE. Yuyxexpéva, n
ToporywyY) and AIIE yopaxtnelleton and petoBAntotnta xou offefoudtnra. ‘Eyer avapepiel otn Pihio-
yoapior OTL aUTA avoEVETOL VoL aERCOLY TIC ATALTHOELS OE AEtToupYn) euehila xou OTL 1) uToTiunoN
TETOLWY ATAUTACEWY Yo UTOPOUGE VL EYEL OXOVOUIXES ETUTTWOELS 0TN Bpayunpddeoun Aertoupyio Tou
CUCTARATOS oY VOC. LUVETWS, €Y0LV Yivel TpooTddeleg yia TNV adEnoTn Tou EMNEDOU AETTOUERELNS TNG
novtehonolnone e Beoyunpdieounc Aettoupyiog evog GLUGTALATOC oY VO GE GPOUC YWRIXNG, YPOVIXHAS
xan TEYVIXNG AemtTopépelag Tou elodyetal o€ éva poviého GEP. 261600, autd pnopel vo odnyroel oe
aUENUEVO UTOAOYLOTIXO XOOTOC, XU TUPAAANALL, Elval AmoEafTNTO Vol ELGEYOVTOL OTAOTOACELS.

Ov EZehixtixol Alybprdpol (EA) ebvon odybpripol eumvevopévol and tn @ion mou eqopuélouv
OTOYUOTIXOUE TEAEGTES Yo va Bedtiwoouy éva oOvoho umodmepiwy Abcewv. Autol dev Pactlovton
OTN XPNOT TARUYWYWY Xl UTOEOLY Va yenouylomoindoly we pébdodol dusong avalhtnong yio ovieta
TpoPBAiuate Pedtiotonoinone. Emmiéov, EA yia nohuxprtnplaxy| Behtiotonoinon (Muti-Objective EA,
MOEA) eivor amodotixée pédodol yio molvxprtnetoxd teoBiiuata Behtiotonoinone (Multi-Objective
Optimization, MOO). Iop" éha autd, éva Pooixd Toug PELOVEXTNUA EVOL O OYETXA PEYEAOS optdudC
a&loAOYNOEWY OV amauTe(Ton Yiar Tr oUYXALOY Tou olyopiluou Tou Umopel vor elvol amayopeuTXd Yia
TpofAfuaTa Tou TEPLAAUPBAVOLUY UTOAOYLOTIXG Bamavneéc Tpocouownoels. o tétole eapuoyée, ol
EA ypnowonowlvtar o cuvduooud e poviéha npoocéyylone (Approximating Models, AM) ta onola
otn BPhoypapla avapépoviar wg MAEA. Toa AM avtixadiotoly ev uépet tar apyixd UovTéAa yia va
TaEEYOLY [LoL EXTIUNOT TNS EMdPXELAC Wiag UTodrplag AVONS Yol UEWCT) TOU UTOAOYLOTIXO) XOGTOUG.

Avth n Awoxtopur) Awten emxevipwveta oe epopuoyéc MAEA oe GEP evog 1} toAAoY otdywy
oL Teph o Bavouy povtélo npocopoinone (Simulation Models, SM) yio tn Beayunpddeoun hertoupyia
eVOg GLUOTAPATOC Loy Log. Ot oNUAVTIXOTERES GUVELCPORES TNG Elval oL axdhoudeg:

1. TTopouoidleton wa mpocéyyion, Bactouévn oe MAEA, yia GEP molamhdv meptodwy xou evog
ooy oL Tou TepthopBdvel SM. To emdeyuévo and tn Lihoypapio SM eivan éva povtého Beitio To-
nolnong yuo ™ Beayunpdleoun Aettovpyio evog UG TARATOS Loy DOS TOU TEPLAOUBAVEL TapadoyES,
TY. N xowewxn Aentopépeta oev e€etdletan. 261600, Topouctdlel oYETHd aUENUEVO eTtinedo Te-
YVXAC X0 YEOVIXNC AETTOUERELNS Yo TO TAALOLO Tou paxpompddeouou tpoypoupatiopol. To SM



elodyeton yio TNy o&lohdynon tne Asltoupyxnc eueMlag xotd Ty dladixaciog Behtiotomoinong
TOU TPOPAAUATOS. LUYXEXQUEVOL YoEUXTNELOTIXA ToU TEOoPAAUaToS adlomolo0vTal Yiol TNV enthu-
oY) Tou. Autd vhornoteitoan péoo and Ty yeron v AM €tol WoTE Vo TopEyouy Wia eXTiunoT
Tou SM xou va Yewvoouy to urohoyiotixd xoctoc. Ta e€etalopeva AM elvar ol Xuvoptioelg
Axtvixfc Béone (Radial Basis Function, RBF). Tiveton yprion tomxdyv xaw ohxcyv AM mou a-
VOVEGDVOVTOL x0T T1) SLdipxelar Tng Bedtiotonomong. Eniong, e€etdlovtou e€etdixeupévol teheatég
Tou cToyevoLy 01N Bektiwon g anédoor tou EA mou e€etdotnxe o onolog etvor o ahyoprduog
e Awgopixric EZéhEne (Differential Evolution, DE). Me Bdon ta anotedéopata twv uno-
AOYIOTIXDV TELRAUATWY Tou Eyvay, 1 anodoon tou MAEA xpiveton ixavoroumntiny haudvovtog
umoYn Toug EpoploPoUE AdYW UTOAOYIG TV x60ToC. Emimhéov, n eupetinr teyvixr diopdwong
TWV TEQLOPLOU®Y Tou TEOPBANUa BehtioTonolnong nopelye T yeyolltepn Bedtiwon otny anddoon
Tou ahybpriuou Bdong petodd Twv eZeldixeuUévol TEAeGTOY Tou avartUydnxay. Eriong, ege-
taleTon 1) enidpacn tng evonudtwong Tou SM. Ta arotehéoyota LUTOBNAGVOLY TN onuacia TG
EVOWUATWONG TEYVIXWY Tou Vo eEeTdlouv TNV Aettoupyixr evehi&ia yio TNy enopxt| a€loAdynoT)
ToEOY WY eVEMElg 6Tay auTol VewpolvTal we enevouTxég emhoyéc. H allohdynon tng axpifelog
Twv AM €8eile 6TL auTh| ftay amodexty| Ye Bdon Toug delxteg Tou yenotworotinxay. Enouévac,
TEAYUATOTOLUNXE OTTIXNY avaALoT) TNG euanoUNciag Tou AElToLEYIXO) XOGTOUG GE OYECT) UE TNV
EYHATEC TNUEVT) BUVUIXOTNTOL TOEAY WY NS oY VOG.

2. Hoapovotdleton pior tpocéyyion, Bactouévn oe MAEA, yio éva otatind poviého GEP nou otoye-
Vel oTNY avdiuoT avTixpouduevwy otoywy oe MOO GEP. H hettoupyun euehi&io a&tohoyeiton
a6 €va, EMAEYUEVO amd T BiShoypacpio, SM mou mepthopfBdver TeXVIXT, YoEWXTH XL YeoVixY| Ae-
ntopépeta TNe Peoyunedieounc Aettovpyiag evoc cucthuatog woyboc. H yedodoroyla avantiooe-
Tou pe Baon ™ oyxetnd| BiBAoypapia yio toug MOEA xau tn Behtio tonoinon pe petampotuma yopls
yehon mopaydywy. Q¢ AM emdéydnxayv ta RBF xou 1 Ilohuvwvopixd Hokwvdpéunon (Polynomial
Regression, PR). Autd avavedvovta pe xplthpto tou 8ivouy TpotepatdtnTa oG EPIXTEC AIOELS,
TN YOEXY XATavour Tou ano¥nxeLPéVou GUVOROLU ADGEWY GTOV YWeo avalHTnong xat mdoveg
Behtuwoeg Tou unepdyxou. H diadicactio tepthoufBdvel Tomxs avalAtnon Ue Yenorn Tapaydy ey,
tomwd RBF, PR xou éva yovtéro mou anotedel cuvovaoud autwyv. H anédoorn tou MAEA ele-
taleton oe ouvapthoelg avapopds yia MOO npofifuata, oe MOO GEP ywpelc SM xou oe névte
MOO GEP mou cuurepihaufSdvouv 1o SM. Ta teheutaio emavohauBdvovton yior 600 dlapopeTixd
enineda ypovixnc Aentopépetac. To amotehéopota UTOBNAGVOUY AmodEXTT anddocT) Tou akyopld-
pou haufdvovtag LTOPn Toug TEPLOELOUOUS AGYW LUTOAOYIG TV x6cToC. Emmiéov, 1 oxplBeia
Twv AM biégepe Yetadl TwV TEOBANUATEOY TOU EEETACTNXOY XAl AVAUPECOVTOL TUEAYOVTEC TOU
NV enneéacay. AVIAUOY TOU GUVOAOU EVUAAIXTIXOY ANIGEWY GE ETUMEDO GUVTEAEGTWY XOGTOUG
UTOPEL VO TPOCYEREL Lol AETTOUERT) OELOAGYNOT| ATV CUUPBAAAOVTOC GTOV TPOGOLOPIGUG OTOLTO-
OHEVGY XWTEWY Yo T An amo@doewy oTeatnynhc evepyetoxiic ToAtixng. o napddetyua, e
Bdion Tig axpaleC THES TOU UETMOTOU UN-XURLIEY OVUEVGDY AOCEMY YId TIC CUVIRTHCELS AELTOURYIXOU
x66T0UC xaL x6aToug ETEVOUOTIC oL eEeTdoTXAY, 1) pelwon xotd 96% Tou x6oToUC ETEVBUOTG
Yo umopoloe odnyfoet oe wa adZnon oyeddv 40% tou Aettoupyixol xdotouc.

Epyaheta uroothpiing amogpdocwmy Yo umopoloay va GUVELGPEPOLY GT1 oOVIETN xou EEALCCOUEVT OLo-
duaota AMdng arnogdoewy evog GEP. Ta owovouxd, meptBahhovTind xon XoWmvixd xpLthplo TRENEL Vo
hofBdvovton unddn pali ye dAAeg TTUYES oL TEOOBEUTIXG avary VwpilovTon we anapaitntes. Tlapd tnv
gUPETIXY Toug VO, Ta anmoTeAéopata €delay 6Tl oL Tpooeyyioelc mou avantdyUnxay Yo unopovoay
vor elvon UtooyOueva epyaAela Yot TNV LToo THELEN Xxadicpwuévwy povtéhwy GEP dote va aupfdihouy
oTn dladxacta Ang anogpdoewy 6tay AouBdvovton urodn uhnid pepldio topaywyhc ano AlIE.
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Abstract

The scope of this thesis is to develop and examine single and multi objective Metamodel-assisted
Evolutionary Algorithms (MAEA) for Generation Expansion Planning (GEP) models in the pres-
ence of high shares of generation by Renewable Energy Sources (RES). A GEP model may facilitate
decision making in mid towards long-term energy scheduling. Commonly, a GEP model is employed
to provide a road-map towards an affordable, sustainable and secure operation of a power system.
These road-maps are generated in the form of scenarios for the evolution of a power system and
are determined by considering both possible investments in capacity additions and the short-term
operation of the power system, e.g. to determine an economic and/or environmentally optimal
investment plan that is adequate to meet the growing power demand and exhibits a reliable short-
term operation. Such a problem can be formulated as an optimization problem.

The pursue for emission-free power system and the increasing shares of RES, triggered by
environmental considerations, have led to the introduction of various aspects to GEP models. Such
an aspect is to capture economic and technical challenges related to the short-term operation
of a power system with increased detail. This could be required to assess the synergy of the
conventional generating fleet with the increasing installations of RES. In particular, the variability
and uncertainty associated with the latter has been reported to increase the operational flexibility
requirements of future generating fleets. It has also been reported that underestimating these
requirements could have economic implications on the the reliable and efficient short-term operation.
Towards this aim, endeavours have been made to integrate, within a GEP model, a more detailed
representation of the short-term operation of a power system in terms of spatial, temporal and
technical detail. However, the integration of GEP model with such detail can lead to an increased
computational cost. Therefore, simplifications are required.

Evolutionary Algorithms (EA) are nature-inspired algorithms which employ stochastic operators
to improve a set of candidate solutions. As derivative-free algorithms, EAs can be used as direct
search methods; this feature has rendered them applicable for complex optimization problems.
In addition, Muti-Objective EAs (MOEA) are well established approaches for Multi-Objective
Optimization (MOO). On the other hand, one main limitation is the relatively large number of
function evaluations required for the algorithm to converge. This can be binding for optimization
problems involving computational costly simulations. For such applications, EAs coupled with
Approximating Models (AM) have been developed which are commonly referred to as MAEAs or
Surrogate-Assisted EAs. The AMs replace in part the original models and provide an estimate for
the adequacy of a candidate solution to reduce the computational burden.

This thesis focuses on MAEA applications for single and multi objective GEP optimization
problems that include Simulation Models (SM) for the short-term operation of a power system.
The most important contributions of this thesis are the following:

1. A single objective multi-period GEP approach based on MAEAs is presented. The GEP
model includes a Simulation Model (SM) to provide an indicator of the cost of the short-term
operation. The adopted SM is an optimization model for the short-term operation of a power
system including simplifications e.g. spatial detail is not examined. However, it exhibits an
increased level of technical and temporal detail w.r.t. the context of long-term planning, and
it is adopted to assess on-line the operating flexibility of a candidate installed capacity. The
formulation exploits problem-specific characteristics. This is implemented by employing AMs
to provide an estimate of the SM’s output and reduce the number of simulations required to



achieve a near-optimal solution. The AMs are Radial Basis Functions (RBF). These are built
off-line and updated on-line to improve the accuracy of the achieved approximation. Both
local and global AMs are built in different stages of the search. Problem specialized operators
are developed to enhance the performance of the EA examined which is Differential Evolution
(DE). The performance of the MAEA and the problem-specialized operators are assessed.
The MAEA achieved satisfactory results based on the performed numerical experiments.
Moreover, among the developed problem-specialized operators, a repair heuristic, addressing
the constraint nature of the optimization problem, provided the largest improvement in the
performance of the base DE algorithm. The impact of including the SM is also examined. The
results indicate the importance of capturing operational flexibility requirements to adequately
assess the flexibility providers considered as investment options. The metrics employed to
examine the accuracy of the attained AMs indicated that a decent approximation had been
achieved. Therefore, a visual analysis of the sensitivity of the operating cost towards the
installed capacity of the derived near-optimal solution was carried out.

2. A multi-objective static GEP approach based on MAEAs is presented that aims at capturing
cost trade-offs emerging for a MOO GEP. Operational flexibility is assessed by an adopted
SM that includes technical, spatial and temporal detail. The approach is developed based
on MOEA and frameworks for surrogate-assisted derivative-free optimization. Approxima-
tion models are employed to address the computational restrictions. RBF and Polynomial
Regression (PR) are used as the AMs. These are updated on-line by criteria that prioritize
feasibility of the planning constraints, the spatial allocation of the attained training set w.r.t.
the search space, and a possible Hypervolume improvement. A local phase is also included in
which gradient-based local search is implemented employing local RBF, PR and an ensem-
ble model. The performance of the approach is examined on a MOO benchmark test suite.
Numerical experiments are carried out to assess the performance optimization approach on
a MOO GEP formulation neglecting the short-term operation and on five MOO GEP for-
mulations including a SM. The latter are repeated for two different levels of temporal detail.
The results attained suggest an acceptable performance of the optimization approach w.r.t.
the computational restriction. Moreover, the achieved accuracy of the AMs varied among the
numerical experiments. The main factors influencing the performance of the AMs are iden-
tified. An analysis of the derived cost trade-offs for each of the five formulations examined
can provide a detailed evaluation of the impact of a diverse set of alternatives. This could
reveal incentives required for strategic energy policy decision making. For example, based
on the extreme values of the non-dominated front attained for the considered operating and
investment cost functions, a 96% reduction of the investment cost could result in a nearly
40% increase of operating cost.

Decision support tools could facilitate the complex and evolving decision making process of GEP.
Economic, environmental and social criteria must be considered along with aspects that are pro-
gressively identified as essential. Towards this aim, the developed EA-based approaches have been
presented. Despite their heuristic nature, the results suggested that these could be promising tools
to support well established state-of-the-art GEP models that could facilitate decision makers, such
as investors and energy policy makers, when high shares of RES generation are considered.
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