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ITepirandm

H peydhn evooudtworn avave®olomy TyoOY EVERYELIS Xl TO dlapx®e AUEAVOUEVO o-
TEOPBAETTO POPTIO T CUCTAUUTA NAEXTELXNAS EVERYELIG, XULG TOUY OTUAVTIXO TOV PONO
TWY EPESPELMY OTIC AYORES EXXAVYPLONG EVERYELAS XAl EPEDRELOY. AUTH 1) BITAWUATI-
x| epyacion BlEEEUVE EVAAAUXTIXOUE UNYAUVIOUOUS eXxxodELoNG ayopds Xl GUYXEIVEL
uovtéla ouv-Bertiotonoinone (co-optimization) xou axohoudioxdv (sequential) oye-
OLUOUWY.

Avorbdnxav tpewe uédodol exxaddpong: (o) éva povtého cuv-Bektiotonoinone e-
vépyetog xoun epedpelny, (B) évar axohouthaxd wovtého ue toutdypovr exxaddolon tpo-
ioviwy egedpelag xon (y) éva oxohoudioxd povtého ue Eexwptoth exxoddpion mpo-
tovTwy cgedpeiog. Alatum@inxay Tor uaduoTied HOVTEAA Xl YLl TIC TEELS UeVOB0oUC
xou vhomouinxay og Julia ot egopudsTnHay oto cbotnua Tou Behylou.

To amotehéopata delyvouv 6Tl 1 cuv-BedTioTonolnoy elvon cTadepd amodoTixdTeen,
UELOVOVTAS TO GUVOAXO XOGTOC GUC THUNTOS Xk A€LOTIOLOVTOC XUAUTEQY TOUS TOPOUC,
eved oL oxohouhoxée UEV0BOL ELGYOUV OVUTOTEAEOUATIXOTNTES AOYw TNG OTOdLAXAC
exxaddpIoNg TNG EVERYELIG XU TOV EPEDRELOY. AUTEC Ol OVATOTEAECUATIXOTNTES YiVO-
vTon Wiadtepa eppaveic oe cuVIxES EMEUING EVEMXTWY TOPWY XL CUYXEXPYEVA OF
ouvirixeg pelwong g duvatdTnTug ToEAY WS AT TIC HOVABES AVTATCLOTO{EUGTC.

To evprjdorta 6ety vouy Tor oLxovouxd ogéhn arnd Ty LVETnon Tng cuv-BeiticTonoinong

OTIC EVPWTUIXES ayOpES NAEXTEIXAC EVERPYELUC, OTIOU 1) axoAouTLoY| EXXaIOLIoT TToEo-
uéver 1 xOpla mpoxter).  IIépar amd Tic aprduntixéc avalloelg, 1 epyaocio Tpoc@épet
EVOL EUEALXTO UTOAOYIOTXO TAXCLO TTOU UTOPEL VO TPOCUEUOG TEL YLt VoL GUUTERLASSEL
TEPLOPLOUOUE OXTUOU, PETOPBANTE TROQIA AVAVEMCUIWY TNYOY EVEPYELNS 1) OVTUANO-
Y1) BuVaIXOTNTOG EQPESPElae PETAL) YWEWY. XE YEVIXEC YROUUES, 1) AVAAUCT] TOREYEL
1660 UEVOBOAOYIXES YVOOELS OGO XAl GTOLYEld GNUOVTLIXG YLt TN Y dealn TOMTXAC UTER
OYEBLICUMY 0YORHC TOU EVOWUATOVOLY TNV EVEQYELX XAl TIC EQEdpEle Yo TN BeATiooon
NG ATMOBOTIXOTNTOC X TNG a€loTo TG TNG AELTOURYIC TOU CUCTAUITOS NAEXTEXAC
EVEQYELOC.

Aé€eic Khedid: Luv-feitiotonoinor, Axohoudiony| exxaddpion, Ayopéc evépyetog,
Avyopéc eqedpelny, Modnuotixd poviehonolnor, LuVTOVIGUOS EVERYELIC Xl EPEDRELDY,
Aertoupyind x6ot0oc cucthuatog, Thonolnon npoypauuotiogol Julia, Péhoc Avtin-
CLOTOLEVTIXWY T OPONAEXTEIXDY






Abstract

The large integration of renewable energy sources and growing unforeseen load into
power systems increases the importance of effective coordination between energy
and reserve markets. This thesis investigates alternative market clearing mecha-
nisms, focusing on the comparison between co-optimization and sequential designs.
A mathematical framework was developed to capture the interdependencies between
energy and multiple reserve products, aFRR and mFRR, while accounting for tech-
nical constraints such as ramping limits, minimum up and down times, start-up
costs and pumped-storage dynamics.

Three distinct clearing methods were analyzed: (i) a co-optimization model of
energy and reserves, (ii) a sequential model with joint reserve allocation, and (iii) a
sequential model with separate clearing of reserve types. The mathematical method-
ologies were formulated and implemented in Julia and applied to the Belgian system.

Results indicate that co-optimization consistently delivers more efficient out-
comes by reducing total system costs and making better use of inflexible low-cost
resources, while sequential methods introduce inefficiencies due to their staged han-
dling of energy and reserves. These inefficiencies become particularly apparent un-
der scarcity of flexible resources, specifically under conditions of reduced generation
capability from Pumped-Storage Hydro units.

The findings reveal the financial benefits of adopting co-optimization in European
electricity markets, where sequential clearing remains the main practice. Beyond
numerical insights, the thesis offers a flexible computational framework that can
be adapted to include network constraints, variable renewable energy profiles, or
reserve capacity exchange between countries. In general, the analysis provides both
methodological insights and evidence important for policy in favor of market designs
that integrate energy and reserves to improve the efficiency and reliability of power
system operation.

Keywords: Co-optimization, Sequential clearing, Energy markets, Reserve mar-
kets, Mathematical modeling, Energy and reserve coordination, System operation
costs, Julia programming implementation, Pumped-Storage Hydro role
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Kegdiowo 1

Extevnc Iepiindm

1.1 Ewoaywyn xow YXxonog tng Epyaciag

Me outy| 0 dimhwuate epyaota, Teel unyaviopol exxaddplons oTic ayopés NAEXTEL-
xS EVEQYEWIC avaADOVTOL Xl CUYXEIVOVTAL WC TEOS TNV OXOVOULXT| TOUC UmOOO0TL-
x6tNTa, 1) Muv-Bektiotonolnon evépyetag xon e@edpeiyv (Co-optimization) xou n Axo-
houthoxr; Exxarddoion evépyelag xan egedpewdv (Sequential Clearing), ye Seyweiot
(Separate) xou pe Toutoypovn (Joint) Exxoddpion Egedpeiddv.

H porydador ad€non twv anpdBientwy and tnv @lon toug Avavewoiuwy Hnyodv E-
vépyewc (ALIE), xadde xou 1o Sopxde aulavouevo popTio, xahoTolv avoryxale oauty
1 00YXELoT), XK To TEOLOVTA EPEdRELUC (6T 1 QUTOUATY) EQEDPELN amOXUTAC TUONG
ouyvotntag, aFRR, xou 1 yetpoxivntn epedpeia anoxatdotaone ouyvétntoc, mFRR)
€)(0UV OVUABEL XEVTEXO PONO GTNY AGPIAEL X0 TO AELTOURYIXO XOGTOC TOU GUG THHO-
TOC.

Evo n Yuv-ertiotonoinon avayvepileton g 1 mo anodotxt| uédodog Yewmpntixd
OAAG xou EUTELRWE o oryopég 6Twe ot HITA, 1 evpwmainy aryopd mapouével Seopeuuévn
070 poviého g Axoroutonrc Exxalddplong, n omolo xotahryel oe douxd cpdipota.

Kevtpindg Ytoyog g gpyaociog Aomdy, elvon 1 TOGOTIXOTOMNGCT] AUTWV TOV GPUA-
UETWV. DUYREXOWEVA, 1) UEAETY ETIXEVTRPOVETAL OE B0 doves. Tlpdta 0T cucTnuaTL-
x1} a&LOAOY O TOU GUVOAXOU XOGTOUG GUC TAUATOS TOU TEOXUTTEL amd Telo BlopopeTi-
%4 povtéra: TNy ouv-BedTioTomolno), TNV axoloudaxt| UE xowr ExxodELoT) EPESRELY
(Sequential Joint) xou tnv axohovdaxy pe Eeywpeloth exxaddplon epedpewndy (Sequen-
tial Separate - 1 tpéyouoa eupwmoixy mpaxTx). ‘Eneirto avolbeton n xatavoun twv
TOPWY, xal WLETERN 0 XPIoWOC POAOC TWV EVEAIXTOVY HOVAB®Y, OTWS Tol AVTANCLOTO-

weutixd Tdponhextowd (PSH).

1.2 Medosoroyia xouw Movteloroinon

Kou yiar to tplor povteha avamtiydnxay ot Aentopepeic podnuatixég pedodoroyleg Pei-
TIoTOTOINOTG, Ol OTOLEG TEOGOUOLWYOUY TNV AetTovpYid TNG AY0EdS NAEXTEIXNG eVEp-
Yewig xou eQedPELDY. TOoTEPA EQPUEUOCTIXAY OTY) YAOCGCU TeoYeoupatiopod Julia xo
emA Uy ye tov Bedtiotonomnty Gurobi, divovtag To amapaltrTa SEGOUEVYL YLl TNV
UETETELTO AVIAUOT).
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KE®AAAIO 1. EKTENHY. IIEPIAHVH

1.2.1 To Tela Moviéha Exxaddpiong

e Movtého Yuv-Beitictonoinorng (Co-optimization): 'Eva evioio, oho-
HANPWUEVO OVTENO TIOU EAYLOTOTIOLEL TO GUVOAXO XOOTOG CUC THUATOS, TROO-
OlopilovTag TOUTOYEOVA TNV TUEUYWYY| EVERYELNS XoL TNV XATAVOUY) OAOY TGV
npotovtov epedpetag (aFRR xot mFRR). H unepoy | tou €yxetton otny ixavdtntd
Tou va utohoyilel pe axpifeia o x60To¢ guxanplag yior xdle povddo TopoyWYTHC.

¢ Axolouvdiaxd Movtéro pe Tavtdypovn & Ecywpioth Exxaddpr-
or E¢@edpeidv (Sequential Joint & Separate): To povtého axohoudio-
xc exxaddpione anoptiCovton and Tela otddie.  Atagpépouy uovo o1o BedTeERO
oTdoLo.

1. Extiunon Twnhc Evépyetoc (A): H tun tne evépyetoc unohoyileton pe tov
BéhTioto TEOTO, BNAAdY YE TO HOVTEAO TN ouv-BeATioTomolnong, omoTE
umopel v Yewpniel 6TL 8ev elodyel opdhua oto TeEAMxO anotéreopo. H T
TEOXUTTEL YENOWOTOLELTOL Y1al TOV UTOAOYLONO TOU XOOTOUG suxanplag oTo
EMOUEVO GTAOLO.

2. Exxaddpion Egedpeiov: T'vetar exxoddplon twv 600 mpoldviwy epedpe-
foc aFRR xat mFRR, eite toutdypovn (joint) eite Eeywpioty (separate),
OECUELOVTUC TNV ATUEULTNTY TOCOTNTA.

3. Tehury Exxcaddpion Evépyetac: Trmohoyileton 1 tehn) mapoyoyr, UE TIC
OEOUENOELS EPEDPELY TOU TEONYOUUEVOU GTUBIOU VoL ATOTEAOLY TAEOV G TO-
Vepég 6TOUG TMEPLOPLOHOUS YIaL TNV AELTOURY TWV LOVADWY.

1.2.2 Egapuoyh oe IMpaypatixd Xevdpio (Case Study)

To mporypotind oevdplo mou peretinxe Htav oto clotnua tou Bedyiou, Aoufdvo-
vtag umodn tov edvixd otoho mapoywyrc (muenvixd Bdom, depuixéc povddes, AIIE,
Avthnolotopieuon) xou Toug TEYVIXOUC TEPLOPLOHOUS TV UOVEdwY (Opta pdumag, €-
ANyotog Yeodvog )\ELTOUpYiO(Q/TEO(\')OY]C XL X601 axxivnong). [o v extiunon tou
ETACLOU XOGTOUC, YENOHLOTOLAUNXOY OXTE OVTITPOCWTEVTIXE GEVApLa, dUo Yia xdie
emoy): xadnuepv) xou Nuépa LofBatoxdplaxou.

1.3 Amnoteiéopata xat Avadiuorn AToSoTixoTn-
Toc MovteAwy

To amotehAéouato TOV TELOY HOVTEAWY ETUPBEBALOVOUY TNV OLXOVOULXY| UTEQOY T TNG CUV-
Bektiotomoinong oc dha o e€etaloueva oevdplo. AToxahOTTETAUL €TOL TO OTUAVTIXO
YENHATOOXOVOULXO BAp0g TToU TEOXUAEL 1 axoAoudiaxt| TROCEYYIoN.

1.3.1 E=zrocwo Xpaiupa

Me Vv ypriom TwV ATOTEAEGUATOV Yol TIC OXTE) AVTITPOOWTEVTIXES UERES, UTOAOY (L ETon
T0 ETNOLO XOOTOC TORAYWY NS EVERYELNS Yia xde povTtéro. H axoloudant| exxoddpion
amodElY TNXE OTL ELGAYEL CUCTNUATIXT OTATIAN TOPWY GE GYEOT UE TO BEATIOTO HOVTELOD
ouv-fektioTononong.

18



1.4. ¥TYMIIEPAYXMATA

‘ Yuv-BehtioTtonoinon ‘ 615.131.456

Axohovhaxd pe Toautdypovn 673.232.384
Excxaddpion Egedpeiog

| Movtého Exxaddpione | Etfoo Koéoroc [€] |
|

Axolouvthoxd pe Zeywptoti 673.235.144
Excxaddipion Egedpeiog

Hivoxag 1.1: Ethoto Kéotog [upaywyrc Hiextowhc Evépyetac yio ta tpioc Movtéha

To apriuntind anoteréopota gatvovton otov Iivona . Yuyxplvovtag ta 000 o-
xohovdaxd povtéha Ue Ty BéATIo TN ouv-BekTioTomoinor, evionilovTon oQIApUT TNG
WEne tou 8,63%. Emniéov, 1o axohouthond poviélo ue Eeywpeloth exxoddplon epe-
OpetY, To omolo eapuoleton xou oty Bupdmr, amodelydnxe n AydTeQo amodoTixy
emhoyY|, emBopivoviac o cloTnua pe emniéov 58.103.688 € etnoiwe o oyéon pe
NV cuv-BeiticTonoino.

H avanoteleopatixdtnto twv 600 axolouhaxdy oyedlaoumy, amodidetal xupiwe
OTO BXUUTTO, TOAUCTAOLIKO TOUG GUCTNUN ATOPACEMY.

Y10 0Tdd0 ExxadploNE TWY EPEBPEWY, oL 600 auTég uédodol avoryxdlovial vo
deouelooLY axpUBéc Vepuinéc Lovadeg yia vor xahhouv tor {ntoluevr epedpela. Mol
OEOUEUTOUY VLol EPEDPELN AUTES OL LOVADES, UTOYEEOUVTAL VoL AELTOUEYOUY TOUAYLO TOV
0TO TEYVIXO TOUC ENAYIOTO XUTA TO TEAXO OTAOW0 exxaddplone evEpYELag, axdua Xt
av untdpyouv @UnvoTEpee dtaéotues Tnyéc (6mwe avtAnatotapievon). Avtideto, o
wovtého ouv-Behtiotonoinong allomolel TARprS To AElTouEYIXG TEPLIWELO TNG AVTAT-
OLOTOPIEVOTG Yiar EVEPYELX Xou EQedpeio. AUTH 1) avoryxoo Tixr) oxei3r) mopaywyr ebvor
%o 0 xVPLOC AOYOS TOU ALEAVEL TO GUVOAMXS AEITOURYIXO XOGTOC TOU GUC THUATOC.

1.3.2 Avdivon EvawcOnoloag AviAnciotapievong

o va SoxyooTel 1) aviextidtnTo xde HovTEAOU 08 CUVITXES OTAVLOTNTOG EVEALXTOV
TOpwWY, TpaypaToTolUNXE avdAucT euancUnciog petvovtag T dtadéoiun duvatdTnTa
nopaywylc evépyelag and avtAnototopievon (ue todhamhaotootée 1,0, 0,9 xa 0,8).
To anoteréopata €deilay Cexdapn UTEpOy Y| TOL UOVTEAOU CUV-BEATIOTOTOINONG Xou
OE AUTOV TOV Topéd, xoMC 600 UEWWVETAUL 1 OUVATOTNTA TUPAYWYNS Amd QUTES TIC
HOVADES, TO QAN TWV AXOAOUTIOXMY LOVTEAWY XALIAXWDVETL.

Emm\éov, 6tav o nolomiaclaotic yeiwdel xdtw ond to 0,8 (t.y. yiver 0.7), Ta
oxohouthod povtéra xadiotavton un emhdoydo.

To mopamdve Tepontépn evioydoLY TNV UTEpOY Y| TNG cuv-BeATioTonolnong oto va
exxoapiCel Ye Tov BEATIOTO TPoTO Adde Popd Tic dlardéouues LovadeS xan ToviCouv TNy
dopwxr| aduvopla Twv axolouthaxwy o1o vo cuuBadiCouy.

1.4 Xvyrnepdopota

H nopolooa dimAwyoatiny epyoacio TROGQEREL Ual Go@pY| xou UETEVOWN TeEXUnelwon u-
TEP NG LIOVETNONG TNG CUV-BEATICTOTOMNOTG EVERYELUG X0 EPEDRELDY OTIG EUPMTIOINES
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KE®AAAIO 1. EKTENHY. IIEPIAHVH

ayopéc. Ta BaocwdTtepa cupnepdouato etvo:

e Ané owxovouinrc drnodng, n ouv-BeAtiotonoinom etvon 1 uovn uédodog Tou emTuy-
YAver T BERTIO TN xoTavouY| TOpWY, 00NYWOVTOS OE UEWCT) TOU ETHCLOU AELTOUR-
Yol x60ToUC ToU SUOTAUATOS (émg xou H8.1 exat. € etnolwe Yy o Béhyo).

o ‘Ereita, 1 obyypovn exxaddplon evépyelag xot EQEBREWOY TEOCBIOEL LPNAOTERT
oVIEXTIXOTNTAL AMEVOVTL OTN) GTOVIOTNTA EVEMXTWY TOPWY, OTWS 1) OVTANCLOTO-
utevor, xou v actdlewa twv AIIE, oe avtiVeon pe ta Awdoyixd povtéia mou
xatopeéouy utd cuVirxeg TEoTg.

o Téhoc o eupruorta utooTNEilouy Tic EupmToiXEC PLVUICTIXEC UeTappUTUIoES TToU
Boloxovtan o €€EMET, xoddE xaL TNV GUVEYLOT TNG EPEUVIC YLOL TNV EVOWUATWON
TETOLWY JOVTEAWY OTIC oY OpEC.

Kietvovtag, 1 petdBoon and éva axoroutiaxd poviéro oe éva cuv-BeATioTomoinong
otnv BEuponn etvar avoryxador yior 0 SLacQIAoT TNG OXOVOULXY S ATOBOTIXOTNTAS, TNG
odlomotiog xou tNg BEATIoTNG allomolnong TwV EVEMXTOV TOPMY GE Vo NAEXTEO
o0OTNUA TOU ECUPTATOL OAOEVIL XAl TEPLOGOTERO amd Tig Avavewotues IInyéc Evépyetac.
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Chapter 2

Introduction

2.1 Market Context

Since the introduction of electricity into modern societies, the use of reserves
has consistently played a crucial role in bridging the gap created by unpredictable
demands and unexpected system imbalances. At the beginning of modern electrifica-
tion, reserves were mainly aimed at coping with demand uncertainty and occasional
generator outages. However, recent decades with large-scale energy transitions, their
importance has increased significantly. Ambitious EU decarbonization targets, cou-
pled with rapid deployment of renewable energy, shape the traditional role of reserves
within electricity markets. Renewable sources such as wind, solar and hydro, though
essential for reducing greenhouse gas emissions, are inherently fluctuating, so less
predictable compared to conventional generation. This fluctuation has increased
the dependence on reserves, making them critical for securing system performance.
Consequently, reserve services now represent a growing and increasingly important
share of total electricity system costs, increasing the urgency of accurately allocation
them within energy markets.

The complexity of modern power systems is further amplified by new patterns of
electricity consumption and supply. The electrification of transport is expected to
add substantial new load to the grid, especially as the adoption of electric vehicle
accelerates across Europe. Data centers already consume 1.5-2% of global electricity
under a constant load, and their expanding role, driven by Al and cloud computing,
is projected to triple demand by 2030, creating local congestion and additional stress
on distribution networks . Together, these developments increase the pressure on
system operators to secure sufficient balancing capacity while also responding to
new demand patterns that differ from traditional industrial or residential loads.

At the same time, the gradual transition away from coal reduces the amount
of flexible generation that made the system more adaptable. Natural gas plants,
pumped-storage generation and emerging technologies such as battery storage are
increasingly filling this role, but their availability and economics depend heavily on
how reserve and grid-forming services are priced. Furthermore, the trade of electric-
ity across borders within the EU adds another layer of complexity. Interconnected
systems allow for more efficient sharing of resources, but also require consistent rules
for acquiring and distributing reserves to avoid risks of inefficiency and reliability.
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Despite the growing importance of reserves, much of the existing research on
electricity markets has focused on structural models to analyze the implications of
alternative market arrangements, as documented by foundational work on modeling
trends [2] and price formation [[3] [4] While such approaches have been valuable in
understanding market behavior, they often pay less attention to the detailed esti-
mation of reserve allocation [@1 This oversight is becoming problematic as reserves
are no longer a marginal component but rather a central factor in system operation.
Underestimating their allocation could lead to suboptimal investment signals for the
flexibility resources needed to support the energy transition.

This issue is particularly relevant in the European electricity market, where re-
serve prices are currently determined through a separate, sequential clearing mecha-
nism. Under this methodology, the allocation of reserve capacity is calculated first,
based on estimates of day-ahead energy prices, and subsequently, the allocation
of actual energy production is determined. This two-step approach can introduce
economic inefficiencies and potential pricing distortions due to neglecting the in-
terdependent nature of energy and reserves. Specifically, since energy and reserves
rely on the same limited generation and network capacity resources, ignoring their
inherent coupling may lead to suboptimal allocation decisions and distorted price
signals, as highlighted in the literature [[7]} [[8]

In contrast, alternative market designs, like in the United States, co-optimize
prices and quantities of energy and reserves through a multi-product auctions, ac-
knowledging their interdependency. Such methods have consistently demonstrated
significant economic benefits in terms of efficiency gains and reduced system op-
eration costs. The Midcontinent ISO’s adoption of co-optimization techniques, for
example, has shown $2.1-3 billion in savings over the period 2007 to 2010, under-
scoring the potential value of shifting away from sequential market designs [@], .

Even with such evidence, the current European norm remains sequential mar-
ket clearing, rooted historically in institutional structures, market governance, and
preferences for portfolio-based bidding rather than centralized, unit-specific opti-
mization. However, as European electricity markets become more integrated, these
practices are being reconsidered. Recent European regulations, notably articles 40
and 41 of the European Balancing Guideline (EBGL), propose two main approaches:
either fully integrating energy and reserves (co-optimization) or improving the exist-
ing sequential (market-based) system by enabling the exchange of reserves between
countries These regulations aim to simplify international reserve trading and
ensure efficient use of network capacity across Europe. Ultimately, their goal is to
promote better resource allocation, lower costs, and improve consumer welfare.

2.2 Thesis Objective

Considering the critical context described above, the primary goal of this the-
sis is to systematically evaluate and compare the efficiency of sequential clearing
methodologies of energy and reserve, against a fully integrated co-optimization ap-
proach. Furthermore, the analysis will differentiate between two forms of sequential
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clearing: a joint allocation of both reserve products (aFRR and mFRR) and the cur-
rent European practice of separate, sequential clearing of aFRR followed by mFRR.
To achieve this, the total cost of energy production is calculated for all methods,
using corresponding mathematical models for each one. In doing so, the financial
inefficiencies resulting from sequential clearing can be clearly identified.

The outcomes aim to inform the ongoing evolution of electricity market structures
within Europe. By providing quantitative evidence on the comparative performance
of these market designs, this work seeks to support policymakers, regulators, and
industry stakeholders as they consider reforms to improve market efficiency, reli-
ability, and integration. The insights generated may help identify best practices,
highlight potential pitfalls of current approaches, and guide the adoption of more
effective mechanisms for resource allocation.

Ultimately, the findings aim to contribute to the creation of a more resilient and
cost-effective electricity system that is better equipped to meet the challenges of in-
creasing renewable integration and evolving market needs. By providing measurable
evidence, this work will contribute to a more resilient and cost-effective electricity
system that is better equipped to meet the challenges of increasing renewable inte-
gration.

2.3 Methodological Overview

This thesis develops and implements a detailed mathematical framework to simu-
late and compare different market clearing mechanisms. The core of this methodol-
ogy is a set of optimization models designed to capture the complex interdependen-
cies between energy and reserve markets. By accounting for technical constraints
of various generator types, including ramping limits, minimum up/down times, and
start-up costs, the models provide a realistic representation of a power system. These
models are implemented in Julia, taking advantage of its efficiency for computation-
ally intensive problems, and solved using Gurobi.

Co-optimization

Simultaneous
Clearing of Energy
and Reserves

Sequential Clearing Models

Approximation of Clearing of Clearing of
—
Energy Prices (A) Reserve Energy

Figure 2.1: The two main approaches to power market clearing: Sequential Clearing
versus Co-optimization
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The analysis focuses on three distinct market designs:

e Co-optimization: A single, integrated model that clears energy and all re-
serve products simultaneously.

e Sequential Clearing with Joint Reserves: A multi-step model where
energy prices are first approximated, followed by a simultaneous clearing of
both reserve products (aFRR and mFRR), and a final energy allocation step.

e Sequential Clearing with Separate Reserves: A similar multi-step ap-
proach, but with a separate clearing of each reserve product individually
(aFRR first, then mFRR), before the final energy allocation.

By simulating a realistic case study of the Belgian power system, this work cal-
culates the total system cost for each of the three models and provides comparative
plots of technology allocation in energy generation and reserves. This analytical
comparison allows for the precise identification of financial inefficiencies, and their
origins, that result from the different sequential clearing designs.

2.4 Related Literature

The literature analyzing electricity market design stands at the intersection of power
system engineering and microeconomic theory, aimed at achieving reliable and eco-
nomically optimal operation under conditions of increasing uncertainty. This review
provides the foundation for analyzing the Clearing of Reserve and Energy Markets
with Multiple Reserve Products by comparing integrated and sequential clearing ap-
proaches, the specific modeling complexities they introduce and the policy solutions
emerging from contemporary research.

2.4.1 Structural Modeling and VRE Integration

The use of structural models, with extensive optimization frameworks, is a com-
mon approach in academic literature to determine the effects of electricity market
restructuring. Such models have been instrumental in assessing the role of market
power in the California’s market restructuring , quantifying the efficiency and
distributional effects of Colombia’s shift to centralized unit commitment and
evaluating the impact of scarcity pricing on the fluctuation of flexible resources in
Belgium [[14]|

The massive integration of Variable Renewable Energy (VRE) sources profoundly
challenges traditional structural modeling efforts, requiring increased detail in in-
put data and improved modeling of market behavior. This high VRE penetration
introduces significant uncertainty, which, in turn, requires faster and with higher
capacity reserve services than previously used. Consequently, effective advanced
techniques for managing this uncertainty are crucial, necessitating complex reserve
categorization, such as the aFRR and mFRR products that are central to the
European balancing market.
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This structural shift means that the capacity and coordination of flexible re-
sources, like the pumped-storage hydro assets central to the Belgian system, have
become paramount for ensuring system stability. To address this, the Dynamic
Dimensioning Approach for Operating Reserves offers a practical, data-driven
framework. Successfully testing the approach in the Belgian power system explic-
itly proved the need for dynamic, data-driven frameworks to replace outdated, static
methods for sizing reserves.

2.4.2 Co-optimization versus Sequential Clearing

A growing conflict in market design revolves around synchronizing the optimization
of energy and reserve markets. Co-optimization, where the quantities for energy
and all reserve products are determined simultaneously, is widely recognized as the
economically efficient method . This superiority results from the model’s ability
to accurately price opportunity costs, which means that resources committed to
provide products of high value, like fast reserves (aFRR), bear an explicit cost that
is directly reflected in all market dispatch decisions. In this integrated approach,
the system’s optimization problem simultaneously determines if a megawatt-hour
is more valuable as energy or as reserve capacity, thus forcing the market clearing
price of the cheaper product to rise until it accurately compensates the generator for
forgoing the more expensive alternative. This simultaneous optimization minimizes

the total system cost .

Despite this clear advantage of co-optimization, the European system primarily
employs sequential clearing. This process requires a subsequent approach where re-
serves are allocated first, based on approximated day-ahead energy prices, followed
by the final energy allocation. This separation leads to systemic inefficiencies, creat-
ing inaccurate price signals and suboptimal allocation decisions due to the negligence
of the critical interconnection between energy and reserve capacity , . This is-
sue is particularly ironic given that the European day-ahead market already operates
as a multiple-product auction, simultaneously clearing interdependent transmission

capacity and energy [[20]

The theoretical advantage of the integrated approach is confirmed by empiri-
cal evidence from markets that use co-optimization, such as those in North Amer-
ica. These markets avoided intermediate sequential clearing phases and instead
directly adopted multi-product auction mechanisms for simultaneous energy and re-
serve trading . Studies focusing on markets such as the Alberta Electric System
Operator (AESO) analyze clear, practical cost differences and superior price for-
mation resulting from co-optimized clearing [[21] This body of work validates
the hypothesis that integrated clearing mechanisms consistently deliver lower total
system costs compared to sequential designs .

The reliance of Europe’s market design on sequential clearing methodologies,
despite this evidence, originates from historical and institutional structures. How-
ever, as the European electricity system becomes more integrated and renewable
penetration increases, these structural inefficiencies pose a growing financial threat,
presenting a substantial research opportunity that this thesis aims to address quan-
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titatively.

2.4.3 Modeling Complexities and European Regulatory Con-
text

The comparative analysis of sequential versus co-optimized clearing presents unique
methodological challenges that have received insufficient attention in current struc-
tural modeling literature. Two fundamental issues must be resolved:

1. Fixed Costs and Ramping Constraints: Managing startup expenses
and minimum load operational requirements creates substantial com-
plications within sequential market frameworks. These temporary fixed costs
do not have a clear separation between reserve and energy market compo-
nents Furthermore, ramping rate limitations introduce considerable
complexity, often requiring advanced analytical frameworks such as Lagrange
relaxation methods for systematic cost distribution and ramping constraint
management.

2. Opportunity Cost Modeling in Reserve Clearing: Reserve market bid-
ding necessitates forecasting the opportunity costs of reserve provision ,
which fundamentally relies on energy price predictions. Academic research
indicates that convex hull pricing structures offer optimal price signals for
opportunity cost study in day-ahead reserve markets, a principle leveraged in
the co-optimization approach.

Furthermore, this research is motivated by ongoing European electricity market
reforms. The European Balancing Guideline (EBGL) and recent ENTSO-E reports
demonstrate that while the EU is working to harmonize and integrate balancing
markets, for example through platforms like MARI and PICASSO, the core market
structure remains sequential. This thesis provides critical quantitative evidence to
inform policymakers about the financial toll of maintaining this sequential design.

Resent research demonstrates the need for market solutions that facilitate cross-
border efficiency, a crucial component of the European internal energy market. Work
by Backer focuses on cross-border integration effects and the role of coordination
in maximizing resource use across regions. The challenges of multi-area reserve
sizing, tackled through advanced mathematical formulations like Multi-Area Reserve
Dimensioning Using Chance-Constrained Optimization , underscore the need for
sophisticated, integrated models when expanding the scope of the market.

Also, research analyzes the limitations of current European approaches,
explicitly advocating for real-time reserve pricing and scarcity mechanisms to ad-
dress the "missing market” problem, an approach further formalized in Market De-
sign Considerations for Scarcity Pricing: A Stochastic Equilibrium Framework .
These works provide the necessary policy context for arguing that co-optimization
is a critical structural reform for ensuring that flexible resources are appropriately
valued and sustained in a system increasingly dominated by renewable generation.

Finally, the practical application of these complex structural models, especially in
the European context, relies on high-performance computing. Consequently, the co-
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optimization and sequential clearing models presented here are simplified versions
derived from the methodological framework of Papavasiliou and Avila . The
pumped-storage hydro formulations follow established modeling conventions for unit
commitment in Belgium [[14]}

27



Chapter 3

Methodology

3.1 Study Objective

The primary objective of this study is to systematically analyze and determine
the efficiency of different market clearing methodologies. It aims to compare the
total system cost and resource allocation under co-optimized and sequential market
designs. Through the application of detailed mathematical models to the Belgian
power system, this work seeks to provide empirical evidence of the financial and
operational benefits of co-optimization. The findings will serve as a crucial input for
ongoing discussions about the design of future electricity markets in Europe, helping
to inform policymakers and regulators as they seek to improve market efficiency,
reliability, and the integration of renewable energy sources.

3.2 Modeling Framework

This section introduces the mathematical modeling framework used to simulate
and analyze the market clearing mechanisms. The models are built on a set of core
assumptions and parameters that define the characteristics of the power system and
its components.

3.2.1 Time Steps, Day Types and Seasons

The modeling framework uses a representative day approach to analyze the effi-
ciency of different market designs over a full year without needing to simulate every
hour, which is computationally impractical. This method allows for a detailed,
high-resolution analysis of operational dynamics.

The model’s core divides each simulated day into 96 time steps of 15 minutes,
matching the structure of the input data. This level of detail is essential for ac-
curately capturing short-term operational factors, such as generator ramping limits
and the rapid response required by reserve products. The analysis incorporates eight
distinct operating scenarios, which are necessary to capture the full spectrum of op-
erational challenges encountered annually. These scenarios are defined by two key
temporal dimensions: weekday vs. weekend day types, which account for significant
differences in daily load profiles, and four distinct seasons (autumn, winter, spring,
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summer), which capture seasonal variations in electricity demand and renewable
production profiles.

The total yearly system cost for each market clearing methodology is subse-
quently derived by using the calculated production costs from these representative
days to estimate the annual total. This process allows the thesis to quantify the
systemic annual inefficiencies introduced by sequential clearing designs based on a
detailed examination of critical operating periods.

3.2.2 Energy Generation

In the model, generator units reflect the actual Belgian generation fleet and are
defined not only by their fuel type but also by the operational and economic con-
straints that shape their role in the market clearing process. The diverse generation
mix is essential to ensure system reliability and determine the total cost of energy
production.

Conventional and Flexible Generation

e Thermal Units including natural gas, gasoil and biomass primarily function
as a source of dispatchable generation, covering mid-merit load. Critically,
they are also a key resource for reserve supply, both aFRR and mFRR de-
pending on their up and down ramp rates, due to their ability to modulate
output. Their operation, however, is complicated by nonconvex constraints,
such as start-up costs, minimum up/down times, and restrictive ramp rate
limits. These factors introduce fixed costs that are difficult to allocate be-
tween energy and reserve, highlighting a core inefficiency that the sequential
clearing models must address.

e Nuclear Generation provides reliable, extensive baseload energy production.
Because of the technology’s design and operating parameters, like their slow
ramp rate, these units are characterized by very low flexibility and are generally
not used for reserve services. They are modeled as a stable, near-constant
power injection, with their main impact on the market being the reduction of
net load that other generators must meet.

e Pumped-Storage Hydro (PSH) is a highly flexible asset that stores energy
by pumping water to an upper reservoir and generates electricity by releas-
ing that water through turbines. It is a vital source of reserve, offering rapid
response and high capacity for grid stability. PSH’s operation is governed by
complex dynamics, including reservoir storage level constraints, pumping/gen-
erating capacities, and the inherent efficiency factor ().

Fluctuating Generation

e Variable Renewable Energy Sources (RES), which include Wind, Solar
and Run-of-River Hydro units, are essential for energy production to meet
decarbonization targets. Their output, which is irregular and less predictable,
is treated as a fixed, must-take energy injection based on historical data. They
are generally not used for reserves and their inherent fluctuation, which creates
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unpredictable supply gaps, is the primary driver behind the increased and
critical demand for more reserve products.

3.2.3 Reserve Products

Reserve products are specialized grid services that maintain the continuous bal-
ance between electricity supply and demand, ensuring that the frequency and voltage
of the system remain stable. In the Belgian case study, the model focuses on two
types of reserve:

e The automatic Frequency Restoration Reserve (aFRR) provides the
fastest and most continuous adjustment to maintain the balance between elec-
tricity supply and demand in real time. This reserve is activated automatically
by the Transmission System Operator’s control system, typically within sec-
onds, making it essential for stabilizing frequency. It is required to manage
rapid, small-scale, and unexpected imbalances that constantly occur across
the grid, acting as the grid’s fastest shock absorber. The resources providing
aFRR must be highly agile and capable of quick power modulation. In the
sequential clearing model, the one also used in Europe, the aFRR market is
prioritized.

e The manual Frequency Restoration Reserve (mFRR) provides a slower,
but often more significant, response to frequency deviations that persist after
the aFRR is activated. Activation is manual and designed to sustain power
changes for a longer duration, typically in the range of 10 to 30 minutes. The
primary role of mFRR is to restore the system frequency to its nominal value
and to replenish the faster-acting aFRR. Because of its slower response time,
in the window of 15 minutes for activation, a wider range of resources can
participate in mFRR compared to aFRR. In the sequential clearing approach,
the decision for mFRR allocation is constrained by the generator capacity that
has already been committed to the faster aFRR service.

Both aFRR and mFRR are further divided into two types:

e Upward Reserves: These are activated when there is a sudden shortfall in
supply (e.g. a power plant trips offline or a wind farm’s output unexpect-
edly drops). Upward reserves increase generation or reduce load to bring the
system’s frequency back into balance.

e Downward Reserves: These are activated when there is an excess of gen-
eration relative to demand (e.g. due to an unexpected drop in consumption
or an increase in wind or solar power output). Downward reserves decrease
generation or increase load, in this modeling with storage through pumping,
to absorb the surplus energy and prevent the frequency from rising too high.

30



3.3. NOMENCLATURE

3.3 Nomenclature

This section provides definitions for the sets, parameters, and variables used through-
out this report. Given the highly technical nature of power systems modeling, these
conventions ensure clarity and precision when discussing the various control mech-
anisms and different products.

Sets:
G Set of generation units, indexed by g
G, Set of pumped-storage generation units, indexed by g

T Set of time periods, indexed by ¢

Parameters:
e MC, Marginal cost of generator g [€/MWh]
e S, Start-up cost for generator g €]
e VOLL Value of Lost Load (cost of unmet demand) [€/MWh]
e D, Total energy demand at time ¢ MW]
e P, PF Minimum and maximum generation of g [MW]

e 7 Efficiency factor for pumped-storage hydro -]

e R;/~ Maximum ramp-up/ramp-down rate of generator ¢ [MW /min]
o R*/~aFEE Total system requirement for aFRR (up/down) MW]
o R*/=mFEE Total system requirement for mFRR (up/down) MW]
e DT+/=4FER Delivery time for aFRR (up/down) [min]
e DT+/=mFEE Delivery time for mFRR (up/down) [min]
e UT,, DT, Minimum Up/Down Time for generator g [min]

e Pg, Py, Pror Estimates of energy production from Solar, Wind, and Run-of-
River Hydro MW]

e Ph} Maximum generation capacity of the pumped-storage hydro unit [MW]
e RP Maximum ramp-rate for pumped-storage hydro generation [MW /min]

e RD Maximum ramp-rate for pumped-storage hydro pumping MW /min]
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e 'S Maximum Energy Storage capacity of the reservoirs MW]|

e )\; Approximated Energy Price (Dual Multiplier of the energy balance con-

straint) [€/MWh]
Variables:
e p, Energy production of generator g at time ¢ MW]

e w, Commitment state of generator g at time ¢ (1 if ON, 0 if OFF') [Binary]
e z, Start-up decision for generator g at time ¢ (1 if starts up) [Binary]|
e Is; Lost Load (unmet energy demand) at time ¢ MW]

e ph; Generation (power output) from pumped-storage hydro total generation
at time ¢ [MW]

e dh; Pumping (storage input) for pumped-storage hydro total generation at

time ¢ MW]
e ¢; Energy storage level of the reservoirs at the end of time ¢ MW]
+/—aFRR : .
® 5, aFRR reserve capacity (up/down) provided by generator g [MW]
° s;rt/ “FRR D FRR reserve capacity (up/down) provided by generator g [MW]|
o sh; /aFRR A FRR reserve capacity (up/down) provided by pumped-storage
hydro total generation at time ¢ MW]
o sh; /=mFRE 1\ FRR reserve capacity (up/down) provided by pumped-storage
hydro total generation at time ¢ [MW]

3.4 Co-Optimization

The co-optimization model represents a single, integrated optimization problem that
simultaneously determines the optimal schedules and allocation across energy and
all reserve markets, concluding in a common energy price for both. A key advan-
tage of this comprehensive approach is its ability to model the power system as a
unified resource allocation problem, which is essential to inherently account for the
opportunity cost associated with committing limited generation capacity to a spe-
cific market product. However, this results in a complicated mathematical structure,
connecting energy production variables with their reserve counterparts.
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3.4.1

The mathematical model of the co-optimization method is described below.

where
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3.4.2 Explanation of the Model

The objective function and constraints described below detail how the co-optimization
model determines the optimal schedule for energy production and reserve allocation
by unifying all operational variables into a single problem.

Equation presents the objective function of the model, which minimizes the
total system cost, comprising the cost of production, the start-up cost and value of
lost load (VOLL) for unmet demand.

The constraint set begins with the energy balance constraint (3.2). In it, the
total hourly demand (D;) is satisfied by the production of wind (Py ), solar (Rg),
row-of-river hydro (Rg,r), production (ph;) and storage (dh;) from pumped-storage
hydro reservoirs, conventional generation (p;) and the calculated lost load(ls;). Crit-
ically, this constraint’s dual variable is what defines the market clearing energy price
(A) in a co-optimization model. The market clearing conditions for reserves are rep-
resented in constraints for the aFRR market and for the mFRR market
and help enforce the grid stability requirements. Constraint ensures the aFRR
requirement is met, securing fast acting frequency stability. Constraint models
the cascading nature of reserves, ensuring the combined aFRR and mFRR capacity
meets the total system requirement, which is vital for sustained frequency restora-
tion.

The physical limits on generation are managed by several critical constraints.
Ramp rates limits and ensure the committed reserve capacity is physically
deliverable within the reserve product’s required delivery time (DT_/ +aFRE/mIRRY
enforcing technical feasibility. Capacity limits and manage resource
scarcity and technical minima of each unit. ensures energy production plus to-
tal upward reserve commitment does not exceed the unit’s maximum capacity (P%),
while (3.8)) guarantees that energy production minus total downward reserve com-
mitment does not fall below the unit’s minimum run capacity (P~). The Ramping
Limits and manage operational security by ensuring that the transition
between energy schedules (from the current dispatch to full reserve activation) is
physically achievable within the 15-minute time step.

The set of constraints, (3.11)) to (3.19)), models pumped-storage hydro, and the
variables used represent the aggregated behavior of this technology. As a highly flexi-
ble asset, pumped-storage hydro is a vital source of reserve, and these constraints are
essential for accurately modeling its ability to offer rapid response and high capacity
for grid stability. Its time dependence means that optimization decisions regarding
pumped-storage hydro generation or pumping in the current period directly influ-
ence its availability and cost in future periods. Specifically, the constraint
limits combined hydro production and the upward reserve provision to not exceed
the maximum generation capacity. Similarly, (3.12) restricts pumping operation
together with downward reserves to remain within pumping capacity. Constraints
and define the energy storage level of the reservoirs over time, setting
initial conditions and modeling the energy balance evolution over time considering

generation, pumping, and efficiency factors (n). Constraints (3.15)) through (3.18])
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describe ramping limitations for pumped-storage units, ensuring that changes in
pumping and generation operations between consecutive periods, including reserve
commitments, remain within the 15-minute ramping capabilities. Constraint
limits the energy storage level to the maximum storage capacity. Finally, the unit
commitment constrain incorporates the generator commitment logic, includ-
ing start-up procedures and minimum operational /shut-down time requirements.
These formulations ensure that the dispatch decision is realistic and accounts for
resource dependency across time.

3.5 Sequential approximation, clearing both re-
serves at the same time

In sequential clearing, optimization of the energy price is performed in three steps.
First, the energy price \ is approximated. Then the two types of reserve, aFRR
and mFRR, are cleared simultaneously, using the evaluated A. Lastly, the need for
energy production is calculated alongside the cost of production, considering the
reserve values from the reserve clearing as parameters in the co-optimization model,
taking out constraints that consider only reserves’ variables.

3.5.1 Approximation of the day ahead energy prices

The sequential clearing approach separates the clearing of the Reserve and Energy
markets, forcing the market to make a two phase decision one piece at a time, instead
of simultaneously finding the most cost effective solution to deliver both products.
This separation, which is common in European markets, creates significant method-
ological challenges. Estimating the opportunity cost of providing reserves is tricky
and, in order to calculate it, the model requires an initial estimate of the energy
market price, A, for each time period t, which itself is challenging to determine.

In this thesis, this challenge is addressed by employing a practical approxima-
tion method to estimate the day-ahead energy price. This method assumes that the
market operator can achieve a near optimal economic dispatch by relaxing the re-
strictive binary commitment constraint in the full co-optimization model, described
in Section 3 .4, to a continuous variable wy € [0, 1].

By solving this convex problem, a simplified energy market outcome is obtained
very quickly. The resulting dual variable associated with the Energy Balance Con-
straint is then extracted for each time step t. This dual variable, \;, represents
the marginal cost of supplying one additional unit of energy (MW) at that specific
time period t.

Crucially, this approximation aims to simulate a market without any forecast
errors. By counting on a \; derived from a perfect foresight model for the reserve
clearing decision, we isolate the structural inefficiencies caused purely by the sequen-
tial nature of the market design, ignoring the price forecasting uncertainties in the
real world. This fixed value of ); is subsequently treated as a known constant in
the objective function of the reserve clearing models, in Sections 3.5.2 and 3.6.1, to
accurately calculate the opportunity cost for reserve provision.
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3.5.2 The mathematical Model

The calculation of the need for reserves is made according to the following mathe-
matical model.

r(A) = Z At - Dy + mins,w,z{z RCF,(sq4,wg; A+

teTs geG
+ 338, 2} (3.22)
t€Teo g€G
s, ROPOPRR N7 AR g e iR (3.23)
geG
R7/+aFRR 4+ R7/+mFRR — Z Sf/erFRR + Z Sf/JraFRR_i_
gt gt
geG geqG
+ Sh:r/—mFRR + sh:-/—aFRR (3.24)
syl TR < min{ P, DT/ FAFRR L R/ (3.25)
syl T < min{ P, DT/AMPRR L R/t (3.26)
SgrthRR + S;ﬁaFRR + ngthRR 4 S;taFRR < {P+ _ P*} Wy (327)
ge G
Phy + shf ™ 4 shfer <N " PRt (3.28)
geGh
Dhy + sh; ™ 4 shy "R < N " Pht (3.29)
geGh

Ph; — Phy_y + shf™ R 4 gpfeFBR < 15. Rp (3.30)
Phy — Phy_y — sh; ™FRE _ gpoFRE < _15. RP (3.31)
Dhy — Dhy_y + shy ™ 4 gp 0P 7R < 15. RD (3.32)
Dh; — Dhy_y — shi ™ RE — gprelfE < 15. RD (3.33)
Wyt, Zgt & UCg (334)
Pgts Sgt, thaphgta dhgt7 €gt) Shgt Z Oa Wyt € {07 1} (335)

where

RCth(Sgt7 wgt;)\) = (336)

0, if Wyt = 0
Mfg _ )\) . (Pg— 4 S;thRR + S;taFRR)’ if Wy = 1, (MTCg o )\)

>0
(MO _ ). (P — sfmFBR g halRR) g, — 1, (MG )) < 0

—~

3.5.3 Explanation of the Model

The reserve clearing model (Equations (3.22)) to (3.36])) forms the core of the se-
quential methodology and its primary function is to optimally allocate both aFRR
and mFRR capacity across available generators.
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3.5. SEQUENTIAL APPROXIMATION, CLEARING BOTH RESERVES AT
THE SAME TIME

The objective function is calculated considering the estimated \; as a
constant and minimizes the system cost, which is structured as the sum of the
estimated cost of serving the demand, the total Realistic Cost Function (RCF) and
the generator Start-up Costs.

The RCF, defined in (3.36)), is vital for capturing the opportunity cost. It rep-
resents the potential profit (or loss) a committed generator g would incur if it were
only generating energy, relative to the approximated market price \;.

e If the generator is out-of-the-money (its Marginal Cost is higher than \;),
the RCF penalizes the unit by assuming it generates at its minimum load
(P, + sy 4 s 271  This incentivizes the unit to shut down (wg = 0)
unless its capacity is critically needed for reserve provision.

e If the generator is in-the-money (its Marginal Cost is lower than \;), the RCF

rewards the unit by assuming it generates at its maximum capacity (P;r —

+mFRR __ S-i-aFRR

ot ot ). This encourages the low-cost unit to commit.

S

By minimizing this objective, the model selects the unit commitment schedule
(wgt,zgt) and reserve allocation (sg4) that minimizes the cost of providing reserves,
constrained by the estimated value of energy production.

Constraints (3.23) and (3.24])) are in line with the market clearing conditions

(3.3) and (3.4), ensuring the reserve balance. Constraints (3.25)) and ([3.26)) apply

ramp rate limitations as in (3.5]) and (3.6)) specifically for reserves. Constraint (3.27))
ensures that reserve allocation lies within the generation margin defined by the upper

and lower limit of each unit, extending the limits in and .

From constraint to they are equivalent to their counterparts form
the co-optimization model ((3.11) to (3.18))). Unlike the co-optimization model
where pumped-storage generation and pumping are decision variables, here they are
fixed parameters (Ph;,Dh;) derived from historical data (as modeled in your code).
As a result the energy balance and storage dynamics constraints , and
from the co-optimization are excluded here. The constraints now ensure that
the reserve commitment (sh;) respects the operating and ramping limits around this
fixed historical schedule.

Constraint refers to UC, function, analyzed in the co-optimization formu-
lation for the corresponding constrain ([3.20).

3.5.4 Final Energy Dispatch

Following the commitment of reserve capacity, the sequential process concludes with
a third, separate optimization step, the Energy Dispatch Model. This model deter-
mines the final energy production and calculates the total system cost. Critically, it
incorporates the optimal reserve allocation values derived from this Reserve Clearing
model as fixed capacity constraints on the unit’s operating range. The generator’s
commitment state is not linked to the previous step because constraints and
ensure it equals one whenever any reserve service (s:;tF RE sjtaF RE SémF RE or
s;t“F RR) is non zero. This step ensures that the final energy dispatch respects the
capacity that has been locked in to provide reserve services to the grid.
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3.6 Sequential approximation, clearing reserves
separately

The energy clearing method currently implemented in European electricity markets
differs slightly from the sequential model described in the previous section. In prac-
tice, different reserve types are settled in separate stages, with aFRR cleared first,
followed immediately by mFRR. Although this procedure simplifies the clearing pro-
cess at each stage, it simultaneously introduces additional inefficiencies in the overall
energy allocation.

The the day ahead energy price approximation and the final energy dispatch are
consistent with the methodology presented in Section 2.5. The only difference lies in
the reserve allocation, which requires further expansion and will be detailed below.

3.6.1 The mathematical Model

The following mathematical formulations describe the separate allocation of the two
reserve types. The first considers only aFRR, while the second incorporates the
outcome of the first as input for the subsequent mFRR allocation.

The following considers the clearing of aFRR.

roFRE( Z A - Dt—f—mmstZRC’FaFRR (8¢, Wwg; A)

tETla geG
5 3) Srae 7
tcTso geG
st. R-/teFRR _ Z gt/+aFRR Sh;r/—aFRR (3.38)
geG
7/+aFRR < min{ P}, DT~/ +aFRR Rg—/+} (3.39)
;t/+aFRR <15-R;/* (3.40)
STAPRR | g-aPRR < (Pt _ Py ., (3.41)
geG
Phy + shi*FF% < 3" ppt (3.42)
geGh
Dhy + sh; *FFR < 37 ppt (3.43)
geGh

Ph; — Phy_y + shf*" % < 15. RP (3.44)
Phy — Ph;_; — sh;“Fff < _15. RP (3.45)
Dh; — Dhy_y + shy “F7R < 15. RD (3.46)
Dh; — Dhy_y — sh*"#% < —15. RD (3.47)
Wet, 2gt € UC, (3.48)
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SEPARATELY
pgt; sgt7 thyphgta dhgt7 egta Shgt Z 0, wgt c {O, 1} (349)
where
RCF;tFRR(Sgt, Wy )\) — (350)
O, if Wyt = 0
=3 (B =0 - (P s, ), i wg = 1 (M2 = A) 2 0
(ME2 _ N) - (P — g, iy = 1, (M~ 3) <0
The following considers the clearing of mFRR.
P IRRON) =3 TN Dy ming: Y RCF (s, wy5\)
teTs geG
+ ) Sz (3.51)
t€Teo g€G
st RT/TMIRR . po/talRR _ NPy JHmERR g reritity g
geG
syl T < min{ P, DT/AMPRR L g/t (3.53)
8;5/+mFRR Sf/+aFRR <15. R;/+ (354)
;]i%mFRR + S+aFRR Sg_thRR + Sg_taFRR < {P+ _ P—} Wy (355)
geq
Phy + shi™ R 4 SpferRR < N pht (3.56)
geGh
Dhy + shy ™ 4 Shret R < N ppt (3.57)
geGh
Phy — Phy_y + shf™ R gprefBR < 15. pp (3.58)
Ph; — Phy_y — sh; ™R gp-aFRE < 15. RP (3.59)
Dhy — Dhy_y + shy ™8RR 4 gpoFRE < 15. RD (3.60)
Dh; — Dhy_y — sh™FRE 4 GpFefRR < 15. RD (3.61)
Wgt, Zgt € ch (362)
pgt7 Sgt7 thaphgta dhgt7 6gt7 Shgt Z 07 wgt € {07 ]-} (363)
where
RCFIFRE (5,0 s \) = (3.64)
07 if Wyt = 0
(Mfg _ )\) (p + S—mFRR Sg—taFRR)7 if wy = 1, <M40g _ )\) > ()
(Mfg _ )\) (P+ +mFRR S;aFRR)’ if Wt = 1’ (Mfg _ /\) <0
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3.6.2 Explanation of the Model

The separate clearing of aFRR (Equations to (3.50))) follows exactly the math-
ematical formulation as the combined reserve model (Equations (3.22)) to (3.36])),
with the only modification being the removal of variables and constraints related to
mFRR. The parameter A is again treated as known and should have been approxi-
mated in a previous step.

The formulation for clearing the second reserve type, mFRR, (Equations
to ) closely mirrors that of the combined reserve model, except that the aFRR
related parameters are introduced as predetermined constants.

3.7 Implementation in Julia

The optimization models formulated in Sections 3.4, 3.5, and 3.6 were computation-
ally implemented using the Julia programming language. Julia was selected for its
efficiency in handling large-scale numerical problems and its strong ecosystem for
optimization, utilizing the Gurobi solver.

3.7.1 General Implementation Structure

To maintain simplicity, the models were applied to a case study of a single Euro-
pean country, Belgium. Therefore, the input data, including generation capacities,
renewable profiles, load curves, reserve requirements, and cost parameters, were im-
ported and filtered to include only the relevant Belgian generators and load profiles.
The daily time horizon was divided into 96 periods (15-minute slots) , with a map-
ping array created to connect these 15-minute periods to the hourly binary unit
commitment variables for a 24-hour cycle.

In order to get results for one specific day of the year, the required data for the
energy demand profile and the renewable generation profiles, were chosen to match
one distinct seasonal period (Autumn, Winter, Spring, or Summer) and one day
type (Weekday or Weekend Day) for the simulation.

Each generator was defined by its different technology (natural gas, nuclear,
wind, solar, hydro, etc.) to allow for technology based analysis. The energy pro-
duction from wind, solar, and run-of-river hydro units was treated as fixed, based
on the historical data available from previous years (2013 - 2014). The daily time
horizon was divided into 96 periods (15-minute slots) and each generator’s technical
parameters, along with the reserve requirements, were stored in dictionaries.

For constraints involving interactions between two consecutive time periods,
wrap-up constraints were introduced to link the end of the day with its beginning,
ensuring a continuous 24-hour operation cycle.

During the implementation of the sequential clearing models in Julia, several for-
mulation adjustments were necessary to ensure model solvability. The constraints
causing infeasibility were identified through systematic debugging and, in some
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cases, suspected constraints were temporarily removed to find the source of in-
feasibility. For example, one of those constraints was the power balance constraint
(Equation , which was reformulated to be equal to zero (D; — Ps — Py — Pror —
phy + dhy — > geG Pat — Is; = 0) to resolve numerical issues and ensure feasible
solutions.

Every model was solved using Gurobi and the solution provided optimal gen-
erator schedules, the cost of production and reserve allocations. To visualize these
outcomes, the results were plotted as time series charts that display the 24 hour dis-
patch (96 periods) for each technology, separately illustrating the allocated capacity
for energy generation, aFRR up/down reserves and mFRR up/down reserves.

3.7.2 Co-optimization

The co-optimization approach was the simplest to implement from a structural
standpoint, as it required only a single optimization problem.
The model was built exactly according to the mathematical formulation (Equa-

tions (3.1) to (3.21))), where energy production (py;) and reserve provision (5_/ ral R

gt )
—/+mFRR . . L . L
sgt/ m ) are determined simultaneously. The objective function was to minimize

the total system cost, which includes the variable generation costs, the start-up
costs and the value of lost load (VOLL) for unmet demand. The solver returned
the optimal unit commitment schedule, energy production levels, reserve allocation
by generator and the optimal cost of production. The results were subsequently
extracted and visualized in plots to show the allocation of energy and reserve over
time.

3.7.3 Sequential Designs

Implementing the sequential clearing models required a multistep approach that
involved three, distinct optimization problems. The difference in the two method-
ologies was the second optimization, where the reserve allocation takes place.

Step 1: Energy Price Approximation (\) This initial step was common to
both sequential models. It determined an approximation of the energy price (\;)
for each time period (t). This was achieved by solving the complete co-optimization
model (Equations to (3.21)) while relaxing the binary commitment variable
(wge) to be continuous in the interval [0,1]. The dual variable of the energy balance
Constraint at each time step provided the necessary \; value, which was then
used as a fixed constant in the subsequent optimizations of reserve clearing.

Step 2: Reserve Clearing The reserve allocation stage utilized the predeter-
mined )\; values to minimize the opportunity cost of providing reserve, alongside the
fixed startup costs.

e Joint Reserve Clearing (Model 2.5): A single optimization problem (Equa-
tions (3.22)) to (3.35)) determined the allocation for both aFRR and mFRR
simultaneously. In this step, the energy production (Pht) and storage (Dht)
values for pumped-storage hydro were drawn from historical data, treating
them as given parameters for the reserve allocation stage.

41



CHAPTER 3. METHODOLOGY

e Separate Reserve Clearing (Model 2.6): This stage was split into two
sequential optimizations, as described in the mathematical methodology.

1. The aFRR market was cleared first (Equations (3.37)) to (3.50)).

2. The resulting aFRR allocations were then fixed and incorporated as pre-
determined constants ( Sg_t/ +aFRR) into the second optimization problem,
which solved for the mFRR allocation (Equations to (3.64)). This
structure models the constraint imposed on the slower reserve by the
capacity already committed to the faster reserve.

Step 3: Final Energy Allocation The final optimization problem determined
the definitive cost of energy production and the final energy allocation for all genera-
tors. The reserve allocations determined in Step 2 (either jointly or separately) were
incorporated as fixed constraints on generator capacity. The results were stored and
visualized in plots and the total annual cost was calculated for comparison with the
other models.

3.8 Approximation of Annual system cost

The core objective of the efficiency analysis is to quantify the total system cost
over a full year, Cypnuar, for each market clearing methodology. Since simulating all
365 days of the year is computationally strenuous, the total annual cost is derived
by using the calculated production costs from a limited set of representative days,
which are then extended for the whole year.

3.8.1 Nomenclature and Calculation

Each of the three models (Co-optimization, Sequential with Joint Reserves and
Sequential with Separate Reserves) puts out the daily cost of energy production
for a specific season (autumn, winter, spring or summer) and day type (weekday
or weekend day) of the year. Afterwords the annual cost is calculated using the
following equation.

Cannual = Z Ns,d : Cs,d (365)

se{FA, WI, SP, SU}
de{WD, WE}

where the terms are defined as:
Cannual The total estimated cost of energy generation for a full year [€]

Cs.qa The calculated daily system cost for the representative day of season s and
day type d [€/Day]|

Ns.q The total number of days that are of the day type d and in season s in each
year [Days]
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This approach acknowledges that operational factors, such as generation schedules,
reserve needs, and electricity demand, vary dramatically between weekdays and
weekend days, and also due to seasonal weather patterns (e.g., higher winter demand,
greater summer solar output). By multiplying the calculated, optimized cost of a
single representative day (C;4) by its frequency (Nj4), the model ensures that the
resulting C'annual accurately reflects the real mix of operational challenges faced over
the year.

3.8.2 Determination of Quantities (N;,)

The numerical quantities used in this analysis are derived by determining the specific
number of weekdays and weekend days that fall within each defined season for the
model year.

For the purpose of standardization, the model year is defined as a common 365-
day year, which requires specific assumptions regarding the seasonal distribution of
days. Although the actual number of weekdays and weekend days varies from year
to year, this thesis employs a consistent set of figures, as shown in Table 2.1.

This standardized modeling approach ensures that any observed seasonal vari-
ation does not attribute the specific weekly alignment of a historical year. This
methodology intentionally maintains the exact annual totals of the average common
year (365 total days, 261 weekdays, 104 weekend days) while assigning an equal and
mathematically consistent number of 26 weekend days to each of the four seasons,
preventing disproportionate weighting due to random calendar effects.

‘ Season ‘ Total Days Weekdays Weekend Days

Autumn 91 65 26
Winter 90 64 26
Spring 92 66 26
Summer 92 66 26

Table 3.1: Standardized Distribution of Days for the Common Model Year.

Resulting Equation: = The equation uses the daily costs (Cs4) multiplied by
predetermined factors (Vs 4) to cover the 365 days of the year, based on the seasonal
division and day types.

Cannuat =65 - Cpawp + 26 - Crawe + 64 - Cwirwp +26 - Cwrwe + 66 - Cspwp+
+ 26 - CSP,WE + 66 - CSU,WD + 26 - CSU,WE (366)

The abbreviations, used to represent the daily cost of the specific season and day
type, are defined below.

The method presented here ensures that the comparison between the three mar-
ket clearing methodologies is robust and systemic. While the optimization models
precisely calculate the short-term inefficiencies on a critical day, the final Cupua
value translates these daily operational gains or losses into a measurable economic
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‘ Abbreviation ‘ Meaning ‘

WD Weekday
WE Weekend Day
WI Winter

SP Spring

SU Summer

FA Fall (Autumn)

Table 3.2: List of abbreviations used in the methodology

metric. This metric serves as the primary basis for the thesis’s conclusion regarding
the financial benefits and overall efficiency of the Co-optimization approach over the
two sequential clearing approaches.
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Chapter 4

Case Study

4.1 Description of the Case Study

The methodological framework outlined in Chapter 3 is applied to a detailed model
of the Belgian power system. This region is strategically important due to its on-
going energy transition and its reliance on a diverse generation fleet. The system is
managed by the Transmission System Operator (TSO), Elia, and operates within the
broader European electricity market, which currently employs a sequential clearing
mechanism.

The modeling framework incorporates the system’s key operational and struc-
tural characteristics, including a diverse generation mix and a critical reliance on
flexible resources to manage increasing renewable intermittency. For the purpose
of this analysis, network constraints and the exchange of reserve capacity between
countries are ignored to focus exclusively on the inherent structural inefficiencies
introduced by the market clearing mechanism itself.

4.1.1 Key System Characteristics for Market Modeling

The Belgian grid is characterized by a significant combination of stable nuclear
baseload, highly flexible pumped-storage assets, and thermal generation, alongside
growing intermittent renewable energy sources.

Table presents the distribution of Pumped-Storage Hydro (PSH) generation
capacity.

| Generator | Reference Value (MW) |

‘ Hydraulic Pumped-Storage ‘
COO_A_1.H 158.0
COO_A2 H 158.0
COO_A3H 158.0
COO_A 4 H 230.0
COO_A5_H 230.0
COO_A6.H 230.0
PLATETAILLE 144.0

Table 4.1: Pumped-Storage Hydro Generators’ Characteristics
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Pumped-Storage Hydro (PSH): The Coo and Platétaille power stations are
central to system flexibility, providing large scale storage and rapid response reserve
capacity. For the purposes of this model, their combined capacity of 1,368 MW is
treated as a single unit because all the units share similar operating characteristics.
The efficiency factor for pumped-storage hydro, 7, is set at 0.9 and the maximum
energy storage capacity of the reservoirs (ES) at 5.71 GW. The ramp rates (RP,
RD) are represented jointly for all the PSH generators at 200 MW /min.

All nuclear and thermal generators are listed in Table 1.2 representing the core
units of the Belgian generation fleet. This table provides essential operational and
economic characteristics for each unit, specifically including minimum and maximum
capacities (Min and Max Cap.) in MW, ramp rates in MW /min, same for both up
and down (U/D), generator commitment restrictions (Min U and Min D time in
hours) and the estimated marginal cost of energy production (Marg. Cost), in
€/MWh. The Startup Cost is 0.00 € for every generator in the model, except
for the natural gas unit AMERCOEUR_1, which has a non-zero Startup Cost of
11,903.56 €.

Min Max Ramp Min Min Marg.
Generator Cap. Cap. U/D U D Cost
(MW) (MW)  (MW/m) (hr) (hr)  (¢/MWh)

‘ Nuclear ‘
DOEL_1 216.30  432.50 14.41 168 168 7.58
DOEL_2 216.30  432.50 14.41 168 168 7.58
DOEL_3 503.00 1006.00 33.53 168 168 7.36
DOEL 4 522.00 1044.00 34.80 168 168 6.90
TIHANGE_1 481.00  962.00 32.07 168 168 7.36
TIHANGE_2 504.00 1008.00 33.60 168 168 7.58
TIHANGE_3 525.50 1051.00 35.03 168 168 7.58

‘ Gasoil ‘
TURBOJETS_BE_VLG | 42.00 140.00 1.40 3 2 226.21
TURBOJETS BE_BRU | 10.80 36.00 0.36 3 2 20747

‘ Biomass ‘
LANGERLO_2A_EON 20.60  258.00 2.58 12 8 21.16
RODENHUIZE_

_MAX_GREEN 17.20  215.00 4.30 12 8 64.97
RUIEN_3 10.40  130.00 1.30 12 8 33.67
RUIEN 4 9.80 122.00 1.22 12 8 34.35

‘ Waste ‘
SCHAERBEEK 10.80 45.00 2.25 2 2 19.70
HERSTAL_UVELIA 7.20 30.00 1.50 2 2 0.00
INDAVER 4.80 20.00 1.00 2 2 36.45
ISVAG 2.50 10.50 0.52 2 2 26.07
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Min Max Ramp Min Min Marg.
Generator Cap. Cap. U/D U D Cost

(MW) (MW)  (MW/m) (hr) (hr)  (¢/MWH)
Natural Gas ‘

AMERCOEUR._1 24040 437.00  13.11 8 4 4023
SMALL._

_CHP_GAS_FLANDERS 0.00 543.00  10.86 0 0 49.52
SPE_CCGT_SERAING 266.80 485.00  14.55 8 4 46.76
HERDERSBRUG 264.20 480.30  14.41 8 4 4254
DROGENBOS 253.00 460.00  13.80 8 4 46.70
TPOWER 231.00 420.00  12.60 8 4 4457
DUFERCO_CCGT 22550 410.00  12.30 8 4 40.62
VILVOORDE_EON 211.80 385.00  11.55 8 4 4530
ZANDVLIET 270.00 375.00  15.00 8 4 46.71
SPE_CCGT-

_GENT_RINGVAART 192.50 350.00  10.50 8 4 46.72
STGHISLAIN 192.50 350.00  10.50 8 4 4530
RUIEN_6 2350 29400 294 12 8 5823
RUIEN_5A 2320 290.00 290 12 8 6219
LANGERLO_1A_EON 20.60 258.00 258 12 8  58.63
GENERIC_GT_B_Aubang I | 48.70 203.00  10.15 2 2 85.12
GENERIC_GT_B_Aubang IT | 48.70 203.00  10.15 2 2 8581
GENERIC_GT_B131 48.70  203.00  10.15 2 2 83.05
GENERIC_GT_B13.11 48.70 203.00  10.15 2 2 83.07
GENERIC_GT_B13.I1 48.70 203.00  10.15 2 2 83.76
‘Blast Gas ‘
| SIDMAR | 280.00 305.00  1.67 12 8  19.66 |

Table 4.2: Conventional Generators’ Characteristics

Nuclear Generation: This group provides the system’s baseload energy, with a
total maximum capacity of the modeled Doel and Tihange power plants at 5,630.5
MW. It is characterized by high minimum run capacities and low flexibility due
to long minimum up/down times (UT,/DT,) of 168 hours. As a result, it is not
commonly used as a reserve product.

Thermal Generation: These units, predominantly fueled by natural gas, are also
primary sources for flexible energy dispatch and reserve provision due to their ability
to modulate output quickly. The most representative thermal units modeled for the
Belgian system include Combined Cycle Gas Turbines (CCGTs) such as TPOWER,
DROGENBOS, and SPE_CCGT_SERAING, with high ramping capability and op-

erational flexibility:.
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| Generator | Stations | Reference Value (MW) |
Solar (PV) 17 5,083.28431
Onshore Wind 17 2,371.87469
Offshore Wind 2 2,105.99307
Hydraulic Run-of-Rive 1 186.0

Table 4.3: Aggregated Renewable Generation Capacity

Renewable Energy Sources: Sources such as wind, including offshore capacity
like WINDOFF_BELWIND and WINDOFF_CPOWER, solar and run-of-river hydro
are treated as fixed energy injections and scaled by predefined multipliers specific
to each season and day type to approximate realistic renewable generation profiles.
This inherent fluctuation however, creates unpredictable supply gaps, driving un-
avoidably the increased and critical demand for flexible reserve.

In total, the installed capacity for the technologies included in the optimization
models are:

e Natural Gas: 6,552.3 MW
e Nuclear: 5,936.0 MW
e Solar (PV): 5,083.3 MW

e Wind (Onshore & Offshore): 4,477.9 MW

e Pumped-Storage Hydro: 1,308.0 MW
e Biomass: 725.0 MW
e Blast Gas: 305.0 MW
e Run-of-River Hydro: 186.0 MW
e Gasoil: 176.0 MW
o Waste: 105.5 MW

This detailed representation of energy generation ensures that the analysis provides
realistic insights into the comparative efficiency of co-optimization versus sequential
market clearing in Belgium.
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4.2 Analysis of Cost Inefficiencies

This section presents the main, numerical findings of the study by comparing the
daily and annual system costs for the three market clearing models. These costs
serve as the direct metric for determining the efficiency of co-optimization against
the sequential designs. The daily cost results were extracted using the computational
framework developed in Virtual Studio Code, where the methodologies were coded
in Julia (as described in Section 3.7) and optimized using the Gurobi solver. This
analysis measures the financial impact of structural market separation, highlighting
the avoidable operational waste introduced by suboptimal resource commitment in
the sequential models.

Month & | Co-optimization Sequential with Sequential with
Day Type Joint Reserves Separate Reserves
Autumn-WD 2,171,680 2,248,550 2,248,416
Autumn-WE 1,116,137 1,225,743 1,225,800
Winter-WD 1,372,060 1,580,779 1,580,777
Winter-WE 828,047 1,045,128 1,045,177
Spring-WD 2,029,704 2,219,903 2,220,026
Spring-WE 1,322,172 1,547,376 1,547,380
Summer-WD 1,981,152 2,104,766 2,104,762
Summer-WE 1,404,564 1,584,777 1,584,811

Table 4.4: Daily Cost of Energy Production for Each Model in Different Seasons
and Day Types

The stark differences in daily system costs across the market designs, as quan-
tified in Table are visually presented in the following figures. Figure
compares the system costs of the co-optimization approach against the sequential
with joint reserve clearing. Similarly, Figure juxtaposes the costs of the co-
optimization model with the sequential with separate reserve clearing.

Figure 4.1: Comparative Daily System Cost Graphs of Co-optimization vs. Sequen-
tial Clearing Models
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The structural inefficiencies inherent in the two sequential market clearing method-
ologies are expressed as a percentage deviation from the optimal outcome achieved
by the co-optimization model. These results are presented in Table [4.5]

Month & Inefficiencies in Inefficiencies in

Day Type | Sequential - Joint Res. Sequential - Separate Res.
Autumn-WD 3.42 % 3.41 %
Autumn-WE 8.94 % 8.95 %
Winter-WD 13.20 % 13.20 %
Winter-WE 20.77 % 20.77 %
Spring-WD 8.57 % 857 %
Spring-WE 14.55 % 14.55 %
Summer-WD 5.87 % 587 %
Summer-WE 11.37 % 11.37 %

Table 4.5: Inefficiencies in both Sequential designs compared to Co-optimization

As shown in Table throughout the year, inefficiencies in both sequential
designs are substantial and vary by season and day type.

The highest cost increase is observed during the winter weekend day (Winter-
WE) scenario, where both sequential with joint and separate reserve clearing show
inefficiencies greater than 20%. This indicates that winter conditions (high demand
and greater fluctuation) expose the sequential approach’s inability to efficiently al-
locate limited flexible resources like natural gas and pumped-storage hydro.

Afterwords the annual cost of energy production can be calculated applying the
data from Table in equation [3.66] The results for each are shown bellow.

® Uannual [COOpt] = 615,131, 456 €
o Connual|SeqJoint] = 673,232,384 €
L annual [Seqsep} == 6737 2357 144 €

The financial inefficiency of the sequential joint reserve clearing is 8.63%, leading to a
wastage of resources valued at 58, 100, 928 € per year relative to the co-optimization
benchmark. The sequential separate reserve clearing, which mirrors current Euro-
pean practice, is the most expensive option, resulting in an inefficiency of 8.63% and
resulting in an annual excess cost of 58,103, 688 €.

The difference between the two sequential designs throughout the year is almost
zero, accounting for less than 0.006% deviation in every day case. This becomes
prominent in the annual calculation, as the tow designs have an almost zero differ-
ence, of 2,760 €, making the separate clearing of reserves slightly less financially
efficient.

The clear escalation in system cost for both sequential models confirms that the
structural separation of markets introduces significant inefficiencies, forcing subop-
timal resource allocation and driving up the overall system operating cost compared
to the optimal dispatch of the co-optimization model.
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4.3. RESERVE AND ENERGY ALLOCATION

4.3 Reserve and Energy Allocation

Following the analysis of the total system cost inefficiencies in Section 4.2, this
section continues with a detailed, 15-minute resolution analysis of the power system’s
optimal dispatch, addressing the allocation of limited generation capacity among
Energy production and the two primary Reserve products, automatic Frequency
Restoration Reserve (aFRR) and manual Frequency Restoration Reserve (mFRR).
This analysis moves beyond the total cost metrics of Section 4.2 to demonstrate how
different operational conditions and market structures influence the commitment and
output of flexible generation assets over a 24 hour period.

The allocation process is constrained by two critical factors: the physical limits
of each technology, like maximum output, minimum runtime, and ramp rate lim-
its, and the inherent opportunity cost arising from committing the same capacity
to multiple energy products. The following subsections systematically break down
these dynamics. To isolate the effects of demand and Variable Renewable Energy
(VRE) profiles, the thesis analyzes seasonal differentiations in Section 4.3.1 and day-
type ones in Section 4.3.2. The results used are primarily from the co-optimization
model, which represents the most efficient, technically feasible allocation. Section
4.3.3 then introduces the core comparison, illustrating how the structural separa-
tion of markets in sequential designs leads to suboptimal resource commitment and
generation schedules, which in turn explains the origins of the financial inefficiencies
quantified in Section 4.2.

For clear interpretation, each generation technology in the following figures is
consistently represented by the labels defined in Figure

I Fump Strorage Generation

I Natural Gas Generation
Blast Gas Generation
Gasoil Generation

I Bicmass Generation

I Waste Generation

I Nuclear Generation
Solar Generation

I Wind Generation
Run-of-River Generation

Figure 4.2: Generation Technology Labels
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CHAPTER 4. CASE STUDY

4.3.1 Seasonal Differentiations

This subsection analyzes the generation mix for a weekday in every season distinc-
tively (Figure Figure [.4] and Figure [4.5), isolating the effect of VRE availabil-
ity, total energy and reserve requirements on the dispatch schedule derived from the
co-optimization model.

Energy Allocation

Figure 4.3: Seasonal Electricity Generation for a Weekday

10000 - 10000 ~

7500 - 7500
5000 -

5000 -

2500 2500 -

Power Generation (MW)
Power Generation (MW)

r ~v e
40 60 80 o 2 m ) )
Time Periods (1-96) Time Periods (1-96)

((a)) Autumn Day Electricity Generation ((b)) Winter Day Electricity Generation

10000
10000

7500 7500 -

5000 | 5000

2500 2500

Power Generation (MW)
Power Generation (MW)

of —y —
0 20

40 60 8.0 0 20 40 60 80
Time Periods (1-96) Time Periods (1-96)

((c)) Spring Day Electricity Generation  ((d)) Summer Day Electricity Generation

The plots clearly reveal how the VRE profiles guide the dispatch of conventional,
flexible generation. The nuclear generation, in gray, consistently provides baseload
power across all seasons, reflecting its low marginal cost, high minimum capacity
requirements and long minimum up/down times.

In panel (a) of Figure autumn weekday simulation exhibits persistently high,
sustained load profile, resulting in a large annual energy requirement. Wind gen-
eration (green) is stable and moderate throughout the day, providing a reliable
baseload power. Solar (yellow) and run-of-river (cyan) generation on the other hand
is minimal. This combination of high demand and limited VRE generation forces
the majority of the high, steady net load to be covered by Nuclear (grey). Flexi-
ble thermal units meet the remaining variable demand, operating at high capacity
during the day and reducing output overnight. Pumped-storage hydro (blue) is
prominently used to reinforce the pronounced morning and evening peaks and store
the overnight overproduction.

52



4.3. RESERVE AND ENERGY ALLOCATION

In panel (b) of Figure winter weekday simulation is presented and is charac-
terized by a high, relatively stable demand. Wind generation (green) contributes sig-
nificantly and consistently throughout the day, alongside run-of-river hydro (cyan),
while solar (yellow) remains low. This results in a high net load that must be cov-
ered by dispatchable units. Gasoil (teal), natural gas (dark cyan) and biomass/waste
(red/dark red) operate at sustained, elevated levels to fill the gap alongside the core
nuclear generation (grey) baseload. Pumped-storage hydro (blue) is deployed dur-
ing the morning and evening fluctuations, while it pumps during the night when
demand is low and midday when solar generations is high.

In panel (c) of Figurespring weekday simulation is defined by high solar gener-
ation (yellow), while wind (green) and run-of-river (cyan) are virtually non-existent
for the 24 hours. The strong solar input alone creates the narrowest midday net
load trough of all seasons, forcing conventional generation at its minimum capacity
limit. To maintain grid balance and absorb this large VRE surplus, pumped-storage
hydro (blue) is forced to pump during the solar generation period. Flexible thermal
generation is sharply curtailed during this time, reserved for managing the steep
demand ramps in the early morning and late evening.

In panel (d) of Figure summer weekday simulation is distinguished by un-
stable VREs. Solar generation (yellow) is low, run-of-river (cyan) near zero and
wind (green) is wildly fluctuating, but mostly low. This results in a high degree of
net load variability. The system relies heavily on the pumped-storage hydro (blue)
to manage this rapid instability, scheduling it for absorbance at peak generation of
VREs and frequent output adjustments during the day and evening. Except from
used to quickly fill transient gaps created by the fluctuating wind it executes steep
ramp-up/down with natural gas (dark cyan) to cover morning and evening demands.
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aFRR Upward and Downward Allocation

Figure 4.4: Seasonal aFRR Upward and Downward Allocation for a Weekday
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((c)) Spring Day aFRR Allocation ((d)) Summer Day aFRR Allocation

The aFRR, system’s fastest reserve product, show its allocation is dominated by
the most flexible generation pumped-storage Hydro (blue) and Natural Gas (dark
cyan). In reserve plots, both upward and downward are presented jointly in the
same plot, with upward in the positive region and downward in the negative.

In panels (a) and (b) of Figure autumn and winter weekday simulation ac-
cordingly, display a balanced reliance on both pumped-storage Hydro and committed
natural gas units for upward reserve. However, pumped-storage hydro provides the
most of the downward reserve as it has greater capacity to absorb surplus power or
reducing generation quickly.

Panel (c) of Figure presents the spring weekday simulation, where the high
solar generation that creates the narrow midday net load, necessitates large pump-
ing storage. Consequently, pumped-storage hydro’s allocation for reserve is at the
highest in this season to manage the VRE surplus and associated uncertainty. The
reliance on pumped-storage hydro for reserve is driven also by the need of natural
gas for energy.

Panel (d) of Figure shows the summer weekend simulation, where the unsta-
ble VRE profile, with fluctuating wind and low solar generation, causes net load with
high volatility. Pumped-storage Hydro is used intensely for both upward and down-
ward aFRR, as it can switch between generating and pumping to provide maximum
rapid response capacity throughout the day, in order to face the high uncertainty.
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mFRR Upward and Downward Allocation

Figure 4.5: Seasonal mFRR Upward and Downward Allocation for a Weekday
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((c)) Spring Day mFRR Allocation ((d)) Summer Day mFRR Allocation

The allocation of mFRR, which provides a slower but with higher capacity system
response, is consistently dominated by the Belgian system’s most abundant flexible
asset, pumped-storage hydro (blue).

The general pattern in mFRR allocation, across all seasons, is the dominant
resourcing of pumped-storage hydro (blue) for both upward and downward mFRR.
Its large capacity and relatively fast response (compared to conventional thermal
units) make it the most economical choice for this bulk reserve product. The ther-
mal generators are speared for energy production. Natural gas (dark cyan) and
biomass/waste (red/dark red) typically fill the remaining requirements, particularly
the upward reserve when pumped-storage hydro is operating near its generation
or pumping limits. Additionally, in the summer, when the available water capac-
ity for downward reserve is strained due to existing pumping schedules for energy
generation, biomass/waste (red/dark red) are used for the downward mFRR mix,
resources with lower cost. The consistency of pumped-storage hydro’s dominance
in covering mFRR, regardless of the season, highlights its structural importance as
the key large-scale flexible asset in the Belgian system.
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4.3.2 Day Types’ Differentiations

This subsection analyzes the system dispatch with the optimal Co-optimization
under demanding winter seasonal conditions, focusing on the differences in resource
allocation between a Weekday (WD) when the load is higher and a Weekend Day
(WE) when it gets lower. These operational differences, presented in Figure
(Energy), Figure (aFRR), and Figure (mFRR), are purely the result of
variations in the net load profile.

Energy Allocation

Figure 4.6: Different Day Type Energy Generation in Winter
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((a)) Weekday Energy Generation ((b)) Weekend Day Energy Generation

The main difference between the Weekday (4.6(a)|) and the Weekend Day (4.6(b)))

lies in the total load and its shape, while the VRE profile remains nearly identical,
isolating the impact of human consumption patterns.

Weekday (4.6(a)) exhibits a more uniform and sustained load profile. This
shape is typical of high industrial, commercial, and public service activity which
runs consistently throughout the day. To satisfy this high, steady demand, thermal
generation is dispatched at a higher, steady output across most of the 24 hours.
Pumped-storage hydro (blue) is used minimally, primarily to ensure smooth transi-
tions between periods and flatten out periods with increased variability.

The total load in the weekend day shows two distinct peaks in energy
production, midday and evening, making its profile more variable. This pattern
is explained by the closure of industrial sites and commercial businesses, which
shifts demand mainly to residential consumption. Pumped-storage Hydro plays a
critical, dynamic role. It pumps during the midday Solar peak to absorb energy
and then switches to generating to meet the sleep evening peak that the inflexible
Nuclear (gray) baseload cannot cover. Because pumped-storage Hydro successfully
addresses both the storage requirement and the peak generation ramps, the other
thermal units are not required to commit, so they shut down, significantly lowering
the overall cost of energy production on that Winter Weekend Day.

aFRR Upward and Downward Allocation

The allocation of aFRR capacity, both upward and downward, is dominated by
pumped-storage hydro commitment.
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Figure 4.7: Different Day Types aFRR Allocation in Winter
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Due to the high, sustained energy commitment of thermal units (Figure [4.6(a)]),
the weekday utilizes a greater mix of thermal units for aFRR, whereas in
the weekend day the thermal units committed, mostly natural gas, are the
ones with high ramp rates, allowing them to go from an off state to minimal capacity
quickly.

Pumped-storage hydro in the weekend day is heavily dispatched to follow the tow
peaks in energy demand, so it naturally becomes the primary contributor to both
upward and downward aFRR, offering fast response capacity from its considerable
flexibility in operations.

mFRR Upward and Downward Allocation

Figure 4.8: Different Day Types mFRR Allocation in Winter
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Across both day types, pumped-storage Hydro (blue) is the overwhelming pri-
mary resource, providing virtually all of the upward and downward mFRR capac-
ity (Figure and [4.8(b))). This underscores its optimal economic role for the
main system reserve. A small section mFRR is allocated from thermal technolo-
gies. Specifically on the Weekend Day, where these technologies are shut down, the
amount of their commitment is minimal.
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4.3.3 Methodologies’ Differentiations

This subsection provides the main understanding of the thesis by comparing the
optimal resource dispatch from the Co-optimization model against the suboptimal
allocations of the two sequential designs, applying them on the Winter Weekday peak
conditions (Figure Figure , and Figure . The analysis reveals how the
clearing process in sequential design generates the high system costs identified in
Section 4.2.

Energy Allocation

Figure 4.9: Energy Generation from Different Optimization Models in a Winter
Weekday

10000 10000

7500 - 7500
5000 -

5000

2500 - 2500 -

Power Generation (MW)
Power Generation (MW)

6 ZB 46 GB gﬂ 6 Zb 4B Gb gﬁ
Time Periods (1-96) Time Periods (1-96)
((a)) Sequential Clearing with Joint Re- ((b)) Sequential Clearing with Separate Re-
serves Allocation serves Allocation

10000

7500

5000 -

Power Generation (MW)

2500 -

0r - a4 28
0 20 40 60 80
Time Periods (1-96)

((c)) Co-optimization

The differences in energy dispatch explain the resulting cost inefficiency across
the market designs. The Co-optimization model (4.9(c)|) reaches the optimal so-
lution by combining fixed costs and reserve value in one optimization, resulting in
the commitment of only the most efficient thermal units needed to provide energy
and ensure reserve margins. In contrast, both Sequential Clearing models
& [4.9(b))) show a higher dispatch of thermal units. This is due to two different
reasons. First, in some periods, such as during the night, these units are committed
to the prior reserve clearing stage based on an approximate energy price (), with
no opportunity to adjust these decisions during subsequent energy clearing. Once
committed for reserve, these costly thermal units are forced to run at their technical
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4.3. RESERVE AND ENERGY ALLOCATION

minimums, even when cheaper power (like pumped-storage Hydro) is available. Sec-
ond, in other periods, such as early morning hours, a steep increase in load demand
is observed, which is covered by expensive natural gas sources. This structural con-
straint, caused by the sequential approach, forces unnecessary and expensive thermal
energy production, increasing the system’s inefficiency.

aFRR Upward and Downward Allocation

Figure 4.10: aFRR Allocation from Different Optimization Models in a Winter
Weekday
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((c)) Co-optimization

The allocation of aFRR reserve capacity reveals the critical structural constraints
imposed by the non-integrated market designs.

The optimal co-optimization design (4.10(c)|) utilizes a dynamic and balanced
mix of pumped-storage hydro (blue) and natural gas (dark cyan) for aFRR, lever-
aging the operating margin of the thermal fleet while using the pumped-storage
hydro’s flexibility.

Sequential clearing with joint reserves (4.10(a)|), which clears aFRR and mFRR
together, still requires the commitment of expensive units, but retains some ability
to balance the two reserves.

Sequential clearing with separate reserves (4.10(b)|) is the most inefficient. Be-
cause aFRR is prioritized and cleared first, the initial step inefficiently locks in
pumped-storage hydro (blue) to provide all of the aFRR capacity throughout the
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entire day. This allocation decision severely limits pumped-storage hydro’s flexibility
for the other two markets of mFRR and energy, leading to inefficiency.

mFRR Upward and Downward Allocation

Figure 4.11: mFRR Allocation from Different Optimization Models in a Winter
Weekday
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((c)) Co-optimization

The mFRR allocation is where the downstream effects of the initial reserve clear-
ing decision become most evident, highlighting the capacity constraints imposed by
prior steps.

Co-optimization (4.11(c)|) allocates mFRR efficiently and minimally, primarily
using pumped-storage Hydro for reserve while keeping the thermal fleet available
for energy needs.

Both sequential clearing, joint and separate models (Figure d.11(a)| & |4.11(b))),
allocate large blocks of thermal unit capacity for mFRR in the early and late periods
of the day. Committing such a significant portion of thermal capacity to reserve,
though, means that during the subsequent energy dispatch (Figure4.9(a)| & [4.9(b))),
these units are required to maintain high energy output (at least their technical
minimums). This locked energy production from expensive thermal units, dictated
by the prior reserve decision, is the main reason that generates the substantially
higher overall system costs and creates the inefficiencies noted in the sequential
designs, confirming their critical financial flaw.
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In summary, the co-optimization model’s superior efficiency is rooted in its ability
to simultaneously resolve the capacity and cost trade-offs, minimizing the overall use
of expensive thermal units. The sequential models, by forcing discrete, irreversible
commitments, mandate the dispatch of uneconomical thermal units, resulting in
higher system operating costs.

4.4 Pumped-Storage Hydro Sensitivity

This section examines the resilience of the different market designs to flexible re-
source capacity limitations. In particular, it analyzes the sensitivity of cost inef-
ficiencies by imposing a reduction in the available Pumped-Storage Hydro (PSH)
generation capacity. This is achieved by applying a capacity multiplier to the origi-
nal maximum generation capacity of the PSH units (3_ cq;, Phy). The results are
presented as percentage inefficiencies for the two sequential designs, relative to the
optimal co-optimization ones at that corresponding capacity level.

The results from Table {4.6| reveal a consistent pattern: as PSH generation ca-
pacity is reduced, the inherent inefficiencies of both sequential designs grow rapidly.
This sensitivity highlights the structural failure of sequential models when relying
on a scarce and highly flexible resource.

In Figures and [4.13] the winter weekend day and summer weekday scenarios
have their system costs plotted against the PSH capacity multiplier to visualize the
results. In both cases, the cost increase for the sequential models is exponentially
greater than the corresponding cost increase for the co-optimization model, showing
the disproportionate loss of efficiency.

Figure 4.12: System Cost vs. PSH Capacity Multiplier for Summer Weekday
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The sequential models become increasingly inefficient as their optimization pro-
cess consists of several stages and forces the commitment of inefficient resources. The
initial reserve clearing step must secure adequate capacity using the energy price ap-
proximation (A;). When PSH generation capacity is high, with multiplier equal to
1, this is achieved with minimal reliance on expensive thermal units. However, as
PSH generation capacity is constrained, like when the multiplier is 0.8, the reserve
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Season & Capacity | Coopt | Seq. J. Inef. | Seq. S. Inef.
Day Type Mult. € € % € %

AutumnWD 1 2171680 | 2248550  3.42 | 2248416  3.41
0.9 2176453 | 2324832  6.38 | 23336564  6.74
0.8 2198419 | 2415403  8.98 | 2413256  8.90

AutumnWE 1 1116137 | 1225743  8.94 | 1225800  8.95
0.9 1121031 | 1288379 12.99 | 1288125 12.97
0.8 1128876 | 1406546 19.74 | 1394965 19.07

WinterWD 1 1372060 | 1580779 13.20 | 1580777 13.20
0.9 1389289 | 1641431 15.36 | 1641122 15.35
0.8 1430035 | 1760983 18.79 | 1756740 18.60

WinterWE 1 828047 | 1045128 20.77 | 1045177 20.77
0.9 832446 | 1107169 24.81 | 1103486 24.56
0.8 837158 | 1206927 30.64 | 1206479 30.61
SpringWD 1 2029704 | 2219903  8.57 | 2220026  8.57

0.9 2038922 | 2269087 10.14 | 2263636  9.93
0.8 2063433 | 2334020 11.59 | 2322091 11.14

SpringWE 1 1322172 | 1547376 14.55 | 1547380 14.55
0.9 1324196 | 1619887 18.25 | 1619673 18.24
0.8 1336797 | 1680644 20.46 | 1680289 20.44

SummerWD 1 1981152 | 2104766  5.87 | 2104762  5.87
0.9 2001888 | 2191538  8.65 | 2189485  8.57
0.8 2029303 | 2267300 10.50 | 2266868 10.48

SummerWE 1 1404564 | 1584777 11.37 | 1584811 11.37
0.9 1411446 | 1672456 15.61 | 1668947 15.43
0.8 1439333 | 1736526 17.11 | 1736361 17.11

Table 4.6: Inefficiencies for Changing Pumped-Storage Hydro Capacity

Figure 4.13: System Cost vs. PSH Capacity Multiplier for Winter Weekend Day
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clearing is forced to commit expensive thermal units to guarantee the required re-
serve margin. Once these high-cost units are committed, they are obliged to run at
their technical minimum generation limits, even when economic conditions in the
later energy clearing stage do not require it. This commitment of expensive, inflex-
ible capacity is the mechanism that drives the sharp increase in inefficiency. The
highest inefficiency, exceeding 50% (panels (a) and (b) in Figure [4.13), is observed
in the winter weekend day scenario, where load variability and low PSH capacity
exacerbate this commitment risk.

This vulnerability eventually renders the sequential methodology unworkable un-
der extreme scarcity. When the PSH generation capacity multiplier is reduced below
0.8, for example to 0.6, the sequential model becomes infeasible, indicating that the
rigid, prioritized allocation of reserve first locks up essential resources, preventing
the subsequent energy allocations from securing the total required capacity. The co-
optimization model, by evaluating all constraints simultaneously, successfully finds
a feasible, more financially efficient, solution even under these challenging resource
limitations.
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Chapter 5

Conclusion

This thesis systematically analyzed the efficiency of different market-clearing mech-
anisms for energy and reserves, aimed to compare co-optimization and sequential
clearing approaches. Based on a comprehensive mathematical framework imple-
mented and solved in Julia using the Gurobi solver, three distinct models were
formulated and assessed: a co-optimization model, a sequential model with joint
reserve allocation, and a sequential model with separate clearing of reserve types
(aFRR followed by mFRR).

The results reveal the advantage of co-optimization clearing, that consistently
delivers more efficient outcomes, as it simultaneously accounts for the interdepen-
dencies between energy and reserves. Sequential designs, in contrast, introduce
structural inefficiencies because of their multistage clearing. These inefficiencies
arise mainly from the misallocation of fixed costs and the failure to fully capture
how energy generation and reserve services are connected.

In the Belgian case study, the inefficiency of the sequential clearing models re-
sulted in an annual cost deviation of up to 12.72%, for the sequential with separate
reserve clearing model, relative to the optimal co-optimization, which translates into
82.6 million €. Separate clearing of reserves produces an additional 1.01% ineffi-
ciency, added to the already large financial loss. This wastage is driven by the fact
that the sequential approach forces the unnecessary commitment of expensive ther-
mal units to run at their technical minima, even when more efficient power sources
are available during the subsequent energy dispatch phase, such as from pumped-
storage hydro (PSH). The analysis of resource allocation confirms this behavior,
revealing that PSH is the key flexible resource whose optimal deployment is under-
mined by sequential clearing. The co-optimization model makes full use of PSH’s
operational margin for both energy and reserve, whereas the sequential prioritiza-
tion of the faster reserve (aFRR) inefficiently locks in PSH capacity, forcing a costly
over-reliance on gas-fired generation in later stages.

Furthermore, the PSH sensitivity analysis highlighted a critical weakness of the
sequential market design. As the PSH generation capacity was reduced, the in-
efficiency of both sequential models escalated sharply, demonstrating their lack of
resilience under resource scarcity. When PSH capacity was constrained below 0.65
of its nominal value, a significant change observed was that the sequential with sep-
arate reserve clearing model became mathematically infeasible. This proved that
its inflexible, subsequent clearing process fails to secure the necessary reserves when
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flexible resources are limited.

Beyond the analytical results, the thesis also demonstrates the practicality of cod-
ing such formulations in Julia. The framework developed here is modular and can be
easily extended to include additional complexities such as network constraints, fluc-
tuating renewable energy profiles, or reserve capacity exchange between countries.
As such, it provides a valuable computational tool for future studies.

In summary, the results support the case for adopting co-optimization of energy
and reserves within European electricity markets. By reducing total system costs
and improving resource allocation, co-optimization represents a significant step to-
ward achieving both economic efficiency and reliability in the operation of increas-
ingly renewable dominated power systems. Future research could build on this work
by applying the analysis to broader regions, investigating the effects of transmission
limitations, or incorporating strategic bidding behavior to better capture market
dynamics.
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