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Abstract 
A methodology has been developed to simulate electricity generation and trade in a 
set of interconnected zones.  The resulting model can be used for impact assessment 
of emission-reduction scenarios and electricity trade. 
In preparation of this model, several aspects of electricity generation modelling are 
investigated thoroughly.  In order to obtain realistic results, it is necessary to include 
technological restrictions and boundary conditions that are inherent to electricity 
generation and trade.  For the actual integration in the model, a pragmatic 
consideration of accuracy, modelling feasibility and computational effort is made for 
every separate topic. 
After the preliminary in-dept exploration of modelling aspects, the simulation 
methodology is presented in E-Simulate.  This model is able to simulate electricity 
generation in a set of interconnected zones on a power-plant level and on an hourly 
basis.  The power plants and the local electricity demand in every zone as well as the 
transfer capabilities between the zones are defined exogenously.  Trade in electric 
energy is assumed to take place in perfect competition. 
As a demonstration of the possibilities of E-Simulate, several case studies are 
presented.  As a “grand finale”, the joint electricity generation in eight realistic zones 
is simulated. 

Synopsis 
In dit werk wordt een methode ontwikkeld om elektriciteitsproductie en –handel te 
simuleren voor geïnterconnecteerde zones.  Met het uiteindelijke rekenmodel kan de 
impact bestudeerd worden van emissiereductiescenario’s en de handel in elektrische 
energie. 
Ter voorbereiding worden enkele pijnpunten bij het modelleren van 
elektriciteitsproductie grondig onderzocht.  Om realistische resultaten te bekomen is 
het immers belangrijk om rekening te houden met de technologische beperkingen en 
randvoorwaarden die eigen zijn aan elektriciteitsproductie.  De verwerking van deze 
pijnpunten in het uiteindelijk model is telkens een compromis van voldoende 
nauwkeurigheid, haalbaarheid en rekentijd. 
Na de voorbereidende overwegingen wordt de simulatiemethodologie in het 
rekenmodel E-Simulate gebundeld.  Dit model simuleert de elektriciteitsproductie 
voor geïnterconnecteerde zones op het niveau van elke afzonderlijke centrale en 
voor elk uur.  De centrales en de vraag naar elektriciteit worden voor elke zone 
exogeen opgelegd, evenals de transportmogelijkheden tussen de verschillende 
zones.  De handel in elektriciteit wordt gesimuleerd in de veronderstelling van een 
perfect competitieve markt. 
Om de mogelijkheden van E-Simulate te demonstreren worden verschillende 
gevalstudies uitgewerkt.  Het “pronkstuk” hierbij is de simulatie van de gezamenlijke 
elektriciteitsproductie van acht geïnterconnecteerde realistische zones. 
 



Abbreviations and symbols 
 
α probability that a plant is available 
αE electric efficiency of co-generation unit 
αQ thermal efficiency of co-generation unit 
ηPT efficiency from charging to release 
ηmax efficiency at maximum output 
ηmin efficiency at minimum load level 
 
A 0.455 x CFwind (used in calculation of CC) 
APL advanced priority listing 
b 0.094 (used in calculation of CC) 
B 1.098 x (C–A) (used in calculation of CC) 
C 107 x CFwind/Rsystem (used in calculation of CC) 
C rated power of a power plant 
Ci available capacity in period i 
CBT cross-border trade or cross-border transmission 
CC capacity credit 
CC(D) total cumulative cost to provide demand D 
CDi corrected demand during hour i 
CFwind capacity factor of wind farm in % 
CUF commitment utilisation factor 
Di demand at hour i 
Ei stored energy at hour i 
Emax maximum storable energy 
EENS expected energy not supplied 
EIU energy index of unreliability 
ETSO European transmission system operators 
EUE expected unserved energy 
FAi floating average for week i 
Fmi floating minimum for week i 
FMi floating maximum for week i 
Li maximum load in period i 
LOL loss of load 
LOLP loss-of-load probability 
LOLE loss-of-load expectation 
LOLF loss-of-load frequency 
LOEE loss of energy expected 
Mj maximum allowed outage in week j 
MC(D) marginal cost for demand D 
NTC net-transfer capacity 
OXi total outage of plants of type X in week i 
OX outage requirement for plants of type X 
ps postage stamp transaction cost 
Pi charging of storage unit during hour i 
Pmax maximum input power of the storage unit during charging 
PQ thermal power of co-generation unit 
Pday charging level for day 
PM full load level of a plant 
Pm minimum load level of a plant 
P0(X) probability that power demand is at least X 
Pn(X) probability that remaining power need is at least X with n plants already activated 

 

Pwind rated wind power  
Pwith power of the power system with additional wind power Pwind 

Pwithout power of the power system without additional wind power Pwind 

Rsystem reliability of conventional plants in % (used in calculation of CC) 
Ti release of storage unit during hour i 
ti interval around week i 
Tday release level for day 
Tmax maximum output power of the storage unit during release 
Tplant longest outage requirement of individual plant 
TSO Transmission System Operator 
TTC total transfer capacity 
U annual use [h/a] 
UC unit commitment 
UCTE Union for the Co-ordination of Transmission of Electricity 
UCPTE Union for the Co-ordination of Production and Transmission of Electricity 
UD unit decommitment 
x penetration level of wind in % of peak load (used in calculation of CC) 
X fraction of primary-energy use of co-generation unit allocated to electricity 
Y fraction of primary-energy use of co-generation unit allocated to heat 
 
h hour 
J Joule 
VA Volt-Ampère 
W Watt 
Wh Watt-hour 
k kilo, 103 

M Mega, 106 
G Giga, 109 
T Tera, 1012 
P Pèta, 1015 
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Inleiding 

Context van het onderzoek 

In het kader van het Kyoto protocol van december 1997 heeft de EU zich ertoe 
verbonden haar uitstoot van broeikasgassen met 8% te reduceren. 

Elektriciteitsproductie heeft een belangrijk aandeel in de totale emissies.  Door de 
vorderende liberalisering van de elektriciteitsmarkt moeten alle aspecten met 
betrekking tot elektriciteitsproductie gezien worden in het ruimere Europese kader. 

Elektriciteit en broeikasgassen 

De broeikasgasemissies van elektriciteitsproductie worden bepaald door de gebruikte 
brandstoffen.  Die brandstofmix wordt op zijn beurt bepaald door de 
elektriciteitsvraag, de prijzen van de verschillende energiedragers en de 
samenstelling van het productiesysteem.  Samenvoeging van alle aspecten met 
betrekking tot vraag en aanbod van elektriciteit is een ingewikkelde oefening 
waarvan de resultaten a-priori moeilijk in te schatten zijn. 

Doelstellingen 

De bedoeling van dit onderzoek is het ontwerp van een methodologie en bijbehorend 
rekenmodel waarmee het mogelijk is om elektriciteitsproductie en handel in 
elektrische energie nauwkeurig te simuleren.  Het model kan gebruikt worden om de 
invloed van emissiereductiedoelstellingen te berekenen. 

De elektriciteitsproductie is een heel specifiek thema binnen het ruimer energetisch-
economisch-ecologische kader met eigen regels, technologische beperkingen en 
randvoorwaarden.  Daarom concentreert dit onderzoek zich op het simuleren van de 
respons van een geheel van geïnterconnecteerde productieparken op een 
gezamenlijke elektriciteitsvraag.  Dit model kan uiteindelijk gebruikt worden om 
scenario’s zowel kwalitatief als kwantitatief correct in te schatten.  Voorbeelden van 
interessante toepassingen zijn de bepaling van de impact van een energie- of CO2-
taks, het in of buiten dienst stellen van bepaalde types van centrales, het stimuleren 
of verbieden van bepaalde elektrische toepassingen of het uitbouwen van de 
transportcapaciteit tussen regelzones. 



xxiii 

Historiek 

In 1996 werd in het kader van het CO2-project in opdracht van de Belgische 
elektriciteitsproducenten een methode ontwikkeld om te simuleren hoe een gegeven 
centralepark aan een gegeven vraag zal beantwoorden.  Daartoe werd het 
rekenmodel PROMIX ontworpen.  Met de eerste versie van PROMIX kon alleen de 
Belgische elektriciteitsproductie gesimuleerd worden.  Daarna werd PROMIX 
gaandeweg aangepast en verbeterd om beter met de realiteit overeen te komen en 
ook voor andere parken dan het Belgische te kunnen werken. 

De logische volgende stap was een model waarin verschillende geïnterconnecteerde 
productiezones met elkaar kunnen communiceren.  De graduele uitbouw van 
PROMIX bleek deze volgende stap echter in de weg te staan.  PROMIX was 
gaandeweg verworden tot een kluwen van gradueel toegevoegde subroutines in de 
structuur van het oorspronkelijk moederprogramma.  Alhoewel dit geheel wel naar 
behoren werkt is het maar weinig toegankelijk voor de ingrijpende aanpassingen die 
hier nodig zijn. 

Daarom wordt er in dit onderzoek voor gekozen om een volledig nieuw model te 
ontwikkelen.  In dit nieuwe model kan de ervaring en kennis van PROMIX uiteraard 
wel geïncorporeerd worden en kunnen tevens alle gemaakte veronderstellingen 
opnieuw ten gronde getoetst worden.  Het nieuwe model moet in staat zijn om de 
grootschalige handel in elektrische energie te simuleren en daarbij toch voldoende 
rekening te houden met de technologische beperkingen en randvoorwaarden van 
elektriciteitsproductie. 

In de literatuur werden eveneens geen rekenmodellen gevonden die aan onze 
specifieke noden voldoen. 
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Deel 1 
Specifieke aandachtspunten bij de modellering 
van elektriciteitsproductie in een 
geïnterconnecteerde context 

Alvorens het rekenmodel zelf te ontwikkelen, worden enkele specifieke 
aandachtspunten bij de modellering van elektriciteitsproductie onderzocht.  We 
streven ernaar om op gepaste wijze rekening te houden met de technologische 
randvoorwaarden en beperkingen die eigen zijn aan elektriciteitsproductie.  Hierbij 
worden telkens correctheid, haalbaarheid en rekentijd afgewogen. 

Centrales met intermitterende productie 

Centrales waarvan de levering niet centraal regelbaar is en waarvan de productie kan 
fluctueren of grotendeels onvoorspelbaar is worden afzonderlijk besproken.  
Centrales die onder deze categorie vallen zijn centrales gebaseerd op hernieuwbare 
energiebronnen en warmtekrachtkoppeling. 

Deze productie-eenheden met intermitterende werking worden bekeken voor de 
modellering van elektriciteitsproductie en voor de criteria bij de uitbouw van het 
centralepark. 

Windturbines 

De elektriciteitsproductie van een windturbine hangt af van de windsnelheid.  
Daarom veroorzaken windturbines onzekerheden bij de planning van de uitbating 
van de andere (klassieke) eenheden alsook bij de rol die ze kunnen spelen in de 
uitbouw van het centralepark. 

Uitbouw centralepark 

Om het belang van windturbines weer te geven in de uitbouw van het centralepark 
worden twee methodes gebruikt.   

De eerste methode is gebaseerd op het gebruik van waarschijnlijkheidsfuncties  
waarin de kans voor elke mogelijke vermogenlevering wordt bepaald.  Hiermee kan, 
voor een gekozen betrouwbaarheidsniveau, bepaald worden welk vermogen ermee 
overeenstemt.  Men kan stellen dat men dit vermogen als beschikbaar mag 
bestempelen met de gekozen betrouwbaarheid. 
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De tweede methode maakt gebruik van het vermogenkrediet (of, met de 
gebruikelijke Engelse term, capacity credit) van de windturbine.  Dit is het vermogen 
aan conventionele centrales dat de windturbines kunnen uitsparen zonder dat de 
betrouwbaarheid van het volledige systeem daalt.  Aan de hand van gegevens uit de 
literatuur ontwikkelen we een analytische formulering van het vermogenkrediet CC 
als functie van het vermogen van de windturbines. 

 CC  =  A + B.e-b.x for x > 1% 

 CC  =  C for x < 1% 

De parameters A, B, b en C worden berekend om een optimale overeenkomst te 
hebben met de gegevens uit de literatuur.  De parameter x staat voor het aandeel 
dat de windturbines hebben in het totaal opgesteld vermogen. 

Voor het model wordt gekozen voor de methode met het vermogenkrediet. 

Elektriciteitsproductie 

Voor de simulatie van de elektriciteitsproductie van windturbines is het aanvaardbaar 
om aan te nemen dat ze continu een gemiddeld vermogen leveren.  In de literatuur 
wordt aangetoond dat enerzijds, erg drastische fluctuaties heel zeldzaam zijn, en 
anderzijds, dat voor beperkte en realistische fluctuaties de globale invloed op de 
uitbating van het conventionele gedeelte van het centralepark nagenoeg 
verwaarloosbaar is. 

Fotovoltaische centrales 

De elektriciteitsproductie van fotovoltaische centrales hangt af van de zonnestraling.  
Omdat deze niet constant is scheppen dergelijke centrales ook onzekerheden voor de 
rest van het centralepark. 

Uitbouw centralepark 

Voor de uitbouw van het centralepark spelen fotovoltaische centrales niet mee.  De 
vraagpiek waarop de dimensionering van het centralepark gebaseerd is, treedt 
immers in vele Europese landen op rond 18.00h in de winter wanneer de 
fotovoltaische centrales geen vermogen leveren. 

Elektriciteitsproductie 

Voor de uiteindelijke elektriciteitsproductie wordt voor fotovoltaische centrales een 
typisch productieprofiel ingevuld.  Dit productieprofiel wordt in het model 
geïmplementeerd als vermogen dat niet meer door de rest van de centrales moet 
geleverd worden.  Mathematisch gebeurt dit door het specifieke productieprofiel af te 
trekken van de globale vraag. 
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Waterkrachtcentrales 

De vermogenlevering van waterkrachtcentrales op rivieren wordt constant 
verondersteld.  Dit betekent dat ze ten volle mogen meegerekend worden voor de 
uitbouw van het centralepark. 

Centrales met opslagmogelijkheden worden in een volgend deel apart besproken. 

Warmtekrachtkoppeling, WKK 

De elektrische vermogenlevering van WKK wordt in de meeste gevallen bepaald door 
de warmtevraag en kan bijgevolg ook niet centraal ingesteld worden.  De invloed van 
de warmtegedreven sturing van WKK eenheden op de uitbating van het centrale park 
hangt daarom sterk af van het productieprofiel van die WKK toepassing.   

Er worden vijf toepassingen beschouwd voor WKK: industrieel, continu werkend; 
industrieel, enkel tijdens de werkuren actief; in de tertiaire sector; voor 
huishoudelijke toepassingen en in de tuinbouw.  Met elk van deze toepassingen komt 
een specifiek productieprofiel overeen dat niet moet geleverd worden door het 
centrale park.  Ook dit wordt mathematisch afgetrokken van het globale vraagprofiel. 

Economische optimalisatie van het gebruik van opslag 

Voor de opslag van energie worden twee soorten centrales beschouwd: tweevoudig 
en enkelvoudig werkende eenheden.  Bij tweevoudig werkende eenheden wordt 
energie eerst opgeslagen om daarna terug vrijgegeven te kunnen worden.  Bij 
enkelvoudig werkende eenheden wordt een andere voorhanden zijnde energievorm 
opgeslagen die daarna terug kan vrijgegeven worden onder de vorm van elektriciteit. 

Voor de economische optimalisatie van het gebruik van opslag kunnen verschillende 
technieken gebruikt worden.  Een eerste is de wiskundige optimalisatie van het 
probleem waarbij de randvoorwaarden ingerekend worden met 
Lagrangevermenigvuldigers.  Het praktisch gebruik van de methode is hier niet 
vanzelfsprekend omdat sommige gegevens niet beschikbaar zijn in functievorm. 

Daarom wordt een andere techniek voorgesteld waarin het gebruik van centrales met 
opslagmogelijkheden geïnterpreteerd wordt als een afvlakking van het vraagprofiel.  
Voor enkelvoudig werkende eenheden is dit probleem triviaal.  Alle beschikbare 
energie wordt gebruikt voor deze afvlakking zoals weergegeven in Figuur i.  Bij 
tweevoudig werkende stockage-eenheden worden per dag twee afvlakkingniveaus 
bepaald, één tijdens het opslaan en één tijdens het terug vrijgeven van energie.  
Beide niveaus worden economisch geoptimaliseerd, rekening houdend met de 
werking van de overige “klassieke” eenheden. 

Er wordt nagegaan of de eerste-orde benadering die gemaakt wordt bij het afvlakken 
van de vraag aanvaardbaar is.  Voor een klein aandeel van de opslageenheden in de 
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totale elektriciteitsproductie (ongeveer 20% van de productie) wordt de fout in 
absoluut energiegebruik geschat op 0,03%.  Voor grotere aandelen neemt deze fout 
toe tot ongeveer 0,2% bij een aandeel van 80%.  Omdat deze fouten zeer klein zijn 
wordt de methode van eerste-orde afvlakking weerhouden. 
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Figuur i :  Schematische weergave van de afvlakking van de vraag bij gebruik van opslag 

Revisieplanning 

De revisieplanning van centrales hangt af van de vraag naar elektriciteit.  Als de 
vraag hoog is, is er weinig ruimte voor revisie.   

Voor de modellering van de revisieplanning worden drie methodes besproken.   

De eerste is een vaste referentie als revisieplanning met als belangrijkste voordeel 
dat dit een zeer eenvoudige methode is die geen rekenwerk vergt.  Het nadeel is dat 
het niet duidelijk is of deze revisieplanning wel objectief is.  Ook de invloed van de 
revisieplanning op de resultaten is niet duidelijk, net als wat er met nieuwe centrales 
moet gebeuren die nog niet opgenomen waren in die revisieplanning.   

Een tweede mogelijkheid is het opstellen van een realistische, willekeurig gekozen 
revisieplanning.  Het belangrijkste voordeel van deze methode is dat ze de intrinsieke 
a-priori onzekerheid van de revisieplanning goed in kaart brengt.  Simulatie met een 
groot aantal willekeurige revisieplanningen resulteert op die manier in een even 
groot aantal mogelijke resultaten waarvan de stochastiek kan bepaald worden.  Een 
belangrijk nadeel is dat een simulatie niet herhaalbaar is.  Om tot echt objectieve 
resultaten te komen zou bovendien voor elk geval een zeer groot aantal simulaties 
moeten uitgevoerd worden. 

Een laatste mogelijkheid is het gebruik van een goed opgestelde gemiddelde 
revisieplanning.  In het ideale geval zou deze als resultaat hetzelfde moeten geval als 
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het gemiddelde van een groot aantal willekeurige simulaties.  Het voornaamste 
voordeel van deze methode is dat ze herhaalbaar en objectief is. 

In het model wordt ervoor gekozen om telkens een objectieve gemiddelde 
revisieplanning te berekenen.  Hiervoor wordt elke week eerst de marge bepaald 
voor de maximaal mogelijke revisie.  Dit is het verschil van de totale 
productiecapaciteit en de maximale behoefte, inclusief reserve.  De revisiebehoeften 
voor elke centrale worden vervolgens verdeeld over het jaar volgens deze marge.  
Het resultaat van de hier ontworpen gemiddelde revisieplanning wordt vergeleken 
met het gemiddelde van 10 000 willekeurige revisieplanningen, zoals weergegeven in 
Figuur ii voor een centralepark met vijf types van centrales.  Beide revisieplanningen 
komen voldoende goed overeen. 
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Figuur ii :  Vergelijking van de berekende gemiddelde revisieplanning met het gemiddelde van 
10 000 willekeurige revisieplanningen 

Betrouwbaarheid van centrales 

Betrouwbaarheid van centrales is een typisch statistisch probleem.  De meest 
realistische manier om dit probleem te modelleren is een stochastische aanpak 
waarin alle mogelijke combinaties van centrales die al dan niet falen gewogen 
worden volgens de waarschijnlijkheid dat ze voorkomen.  Dergelijke methodes zijn 
voor grotere centraleparken echter niet werkbaar omwille van het zeer groot aantal 
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mogelijke combinaties.  Daarom wordt een meer pragmatische aanpak voorgesteld 
waarin het verminderd vermogen van een centrale, gedefinieerd als het product van 
nominaal vermogen en betrouwbaarheid, ingevoerd wordt. 

Beide methoden worden vergeleken aan de hand van een voorbeeld waaruit blijkt 
dat het beschikbaar vermogen bij de methode met verminderd vermogen precies 
overeenkomt met het gewogen gemiddelde van de resultaten van de stochastische 
aanpak. 

Planning van minutenreserve 

Bij de planning van reserve bij elektriciteitsproductie wordt alleen rekening gehouden 
met de minutenreserve die binnen de 15 minuten beschikbaar moet kunnen zijn.  
Minutenreserve wordt schematisch voorgesteld in Figuur iii.  Seconde- en uurreserve 
worden in het model niet expliciet beschouwd.  Secondereserve is een eigenschap 
van centrales met automatische snelheidsregeling.  De uurreserve is beschikbaar in 
centrales die nog niet aangeschakeld zijn. 
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Figuur iii :  Schematische illustratie van minutenreserve 

Het voorstel van UCTE1 is dat elke transmissienetbeheerder (TNB) verantwoordelijk is 
voor de uitbating en de voorziening van zijn eigen minutenreserve. 

Voor de planning van deze reserve (niet te verwarren met lange termijnplanning in 
verband met de uitbouw van het centralepark) maken de meeste TNB’s gebruik van 
vuistregels zoals 1) de N-1 reserve waarbij ervoor gezorgd wordt dat de uitval van de 
grootste component (zoals een centrale of een hoogspanningslijn) altijd kan 
opgevangen worden of 2) een reserve die proportioneel is aan de verwachte 
maximale belasting.  In een meer analytische methode kan getracht worden om de 

                                                     
1 UCTE : Union for the Co-ordination of Transmission of Electricity 
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reserve dusdanig te kiezen dat het systeem altijd volgens een gekozen 
betrouwbaarheid kan werken. 

We ontwikkelen een procedure op basis van probabilistische indicatoren (zoals de 
Loss-Of-Load Expectancy, LOLE) waarmee de objectiviteit en billijkheid van de 
vuistregels kan getoetst worden.   

In een eerste test wordt nagegaan of er een sprong in betrouwbaarheid optreedt bij 
het reserveniveau gelijk aan de grootste component.  Het is immers intrinsiek de 
aanname van de N-1 reserve dat het reserveniveau minstens de grootte van de 
grootste component moet bedragen en dat lagere reserveniveaus ontoereikend zijn.  
De test, waarvan het resultaat weergegeven wordt in Figuur iv, toont aan dat de 
verwachte sprong in betrouwbaarheid niet bestaat.  De LOLE, of onbetrouwbaarheid, 
verloopt daarentegen continu monotoon dalend in functie van het gekozen 
reserveniveau. 
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Figuur iv :  LOLE in functie van het gekozen reserveniveau 

In een tweede test wordt nagegaan of de gebruikte vuistregels voor minutenreserve 
in staat zijn om een stabiele betrouwbaarheid te geven die onafhankelijk is van de 
vraag.  Dit moet immers het doel zijn van de planning van minutenreserve.  De 
operator wil aan een gekozen betrouwbaarheidsniveau voldoen.  Werking bij lagere 
betrouwbaarheid is onaanvaardbaar, werking met hogere betrouwbaarheid leidt 
wellicht tot een minder economische uitbating van de beschikbare middelen.  De test 
toont aan dat noch de N-1 reserve, noch de proportionele reserve in staat zijn om 
een stabiele betrouwbaarheid te genereren.  Algemeen wordt vastgesteld dat bij de 
N-1 reserve de betrouwbaarheid toeneemt met dalende vraagniveaus en dat bij de 
proportionele reserve de betrouwbaarheid afneemt met dalende vraagniveaus.  
Omdat beide methoden een tegengesteld effect hebben, wordt een gecombineerde 
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vuistregel voorgesteld, namelijk de proportionele reserve met als minimum de N-1 
reserve. 

“Unit commitment” van een centrale 

“Unit commitment” (een Nederlandstalige term hiervoor is niet gebruikelijk) geeft 
weer of een centrale al dan niet ter beschikking staat om effectief vermogen te 
leveren.  Omdat de meeste grote centrales niet ogenblikkelijk kunnen aan- of 
uitgeschakeld worden, moet “unit commitment” op voorhand gepland worden.  Deze 
planning is een economisch optimalisatieprobleem waarbij onderzocht wordt wat de 
optimale set van centrales is die klaar moeten zijn om aan de verwachte vraag te 
beantwoorden.  In de overvloedig beschikbare literatuur over “unit commitment” 
worden heel wat methodes besproken.  In de zogenaamde brute-kracht methode, 
worden alle mogelijke combinaties van centrales uitgerekend (voor A centrales in T 
tijdsintervallen geeft dit 2A.T mogelijkheden) die daarna onderling vergeleken worden.  
De goedkoopste mogelijkheid die aan de gestelde vraag kan beantwoorden is dan 
uiteindelijk de beste keuze.  De wetenschappelijke drang naar elegantie en de nood 
aan kortere rekentijd hebben tot verschillende vereenvoudigingen geleid.   

Omdat het “unit commitment” probleem zelf niet het hoofddoel is van het beoogde 
model, wordt hier een model ontworpen met beperkte rekentijd dat toch 
aanvaardbare resultaten biedt.   

Zo wordt een gevorderde heuristische methode ontwikkeld.  De “eenvoudige” 
heuristische methode sorteert de centrales volgens werkingskost.  Elk uur worden 
dan uit die lijst de goedkoopste centrales geselecteerd om aan de vraag van het 
moment te voldoen.  Het probleem met deze eenvoudige methode is dat ze tot 
onmogelijke resultaten kan leiden waarin de werkingsvoorwaarden van de centrales 
vaak niet gerespecteerd worden.  Zo is het mogelijk dat centrales vaak aan- en 
uitgeschakeld worden of dat ze een vermogen moeten leveren dat beneden hun 
minimaal werkingspunt ligt.  Daarom ontwerpen we een geavanceerde methode.  
Hierin worden niet de volledige centrales gestapeld, maar wel schijven van centrales 
(een schijf is een fractie van een centrale met constant marginaal verbruik).  De 
eerste schijf van elke centrale bevat het minimaal werkingspunt waaronder die 
centrale niet kan of mag werken.  Deze eerste schijf wordt in de heuristiek 
geklasseerd als “verplicht”.  Dit betekent dat, indien de centrale aangeschakeld is, ze 
ook minstens het vermogen van de eerste schijf levert.  Een tweede aanpassing ten 
opzichte van de eenvoudige methode is een correctie waarmee de tijdspannes 
gerespecteerd worden waarin een centrale werkt.  Een grote steenkoolcentrale, 
bijvoorbeeld, moet na opstarten minimaal ongeveer 12 uur lang geactiveerd blijven. 
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De uiteindelijk bekomen gevorderde heuristische methode wordt getoetst aan “unit 
decommitment”.  Dit is een methode die in de literatuur qua nauwkeurigheid 
voldoende gevalideerd is.  Een aantal tests toont aan dat de ontwikkelde gevorderde 
heuristische methode 5 tot 10 keer sneller rekent dan “unit decommitment” (dat op 
zijn beurt al sneller is dan de meeste andere methodes) terwijl de productiekost 
slechts 0,03 tot 0,6% afwijkt van de optimale.  Voor onze doeleinden is dit ruim 
voldoende. 

Transport over de grenzen heen 

We beschouwen enkel transport van elektrische energie tussen de verschillende 
zones.  Een zone wordt gedefinieerd als een netwerk van gebruikers en centrales 
(zoals bijvoorbeeld een land of een regelzone).  Transport en distributie binnenin de 
zones worden gemiddeld beschouwd.  Anders zou het nodig zijn om de locatie van 
en de verbinding tussen elke afzonderlijke centrale en gebruiker te definiëren, 
hetgeen het model ingewikkelder zou maken dan nodig is voor onze doeleinden. 

ETSO principes voor interzonaal transport 

Voor de tarifering van het transport tussen zones wordt de geest van de regels van 
ETSO2 gehanteerd.  De basisprincipes van ETSO zijn eenvoud, transparantie en 
efficiëntie.  Concreet gaat ETSO hierbij in de richting van een vast tarief voor 
interzonaal transport dat gestort wordt in een fonds.  Het tarief zelf is dus 
onafhankelijk van de gevolgde (fysische of contractuele) weg en er worden ook geen 
tussenliggende tarieven geheven voor transit.  De verschillende netbeheerders 
worden achteraf vergoed uit dat fonds op basis van de gemeten in- en uitstroom aan 
de grenzen.  In het model wordt daarom een vast transporttarief gebruikt voor 
interzonaal verkeer. 

Perfecte competitie 

Voor de internationale markt wordt perfecte competitie aangenomen.  Dit houdt 
onder andere in dat de productiekosten van alle centrales door iedereen gekend zijn 
en dat de klant op elk moment rationeel kiest voor de goedkoopste aanbieder.  Voor 
interzonale transacties betekent dit dat een zone A importeert van een andere 
zone B als de som van de marginale productiekost in zone B en de transportkost 
lager is dan de marginale productiekost in zone A.  Ook wordt aangenomen dat de 
vraag vooraf gekend is of toch minstens heel goed kan ingeschat worden. 

                                                     
2 ETSO : European Transmission System Operators 
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Netto transportcapaciteit 

De netto transportcapaciteit tussen zones die nog commercieel beschikbaar is, is de 
totale transportcapaciteit exclusief betrouwbaarheids- en reservemarges.  Congestie 
wordt in het model niet beschouwd door te veronderstellen dat de ingestelde netto 
transportcapaciteiten niet overschreden worden. 

Model : regels voor interzonaal transport 

Voor de modellering van het transport van elektrische energie tussen zones worden 
een aantel regels en criteria voorgesteld als een sequentiële methode. 

Regel 1 :  Er is één marginale kost per zone.  In perfecte competitie worden alle 
(schijven van) centrales logisch gestapeld volgens stijgende marginale kost.  Het is 
dus irrelevant wie elke afzonderlijke centrale uitbaat.  Een gevolg van deze regel is 
dat de marginale-kostencurve van elke zone monotoon stijgt met het geactiveerd 
vermogen. 

Regel 2 :  Een zone is pas klaar voor export als aan de lokale vraag voldaan is.  Een 
generator biedt in perfecte competitie immers elektriciteit aan volgens zijn marginale 
productiekost.  Lokale klanten zouden dus prijs X aangeboden krijgen terwijl klanten 
in het buitenland prijs X verhoogd zien met het interzonaal transporttarief dat in het 
ETSO fonds terecht komt.  Het producentensurplus is bijgevolg groter bij verkoop 
aan de lokale klant.  In dit model wordt de vraag dus eerst opgevuld in de zones met 
de laagste lokale marginale kost.  Als de lokale vraag voldaan is wordt de elektriciteit 
aan de grenzen aangeboden aan de lokale marginale kost plus het transporttarief. 

Regel 3 :  Transit is export van import.  Een zone die aan de lokale vraag voldoet 
met import is volgens de vorige regel ook klaar om te exporteren.  In dat geval 
bestaat die export eigenlijk uit elektriciteit die door de zones zelf al geïmporteerd 
werd.  Hierbij wordt geen bijkomend transporttarief toegevoegd omdat dat reeds 
gebeurd is bij de eerste transactie.  Het transporttarief is enig en onafhankelijk van 
de afstand of de gevolgde weg.  In het model wordt het transporttarief dus eigenlijk 
geheven bij de eerste grensovergang. 

Het sequentieel model werd voor analytische marginale-kostencurven ook getoetst 
aan de wiskundige optimale oplossing (die overigens in werkelijkheid niet bruikbaar 
is omdat de marginale-kostencurves niet analytisch beschikbaar zijn) om na te gaan 
of de hier gebruikte “spelregels” wel overeenkomen met perfecte competitie.  Deze 
vergelijking werd gemaakt voor een systeem met twee, drie en vier zones.  Hieruit 
bleek dat de optredende verschillen vooral te maken hebben met allocatie van 
transportkosten, maar dat de effectieve elektriciteitproductie in de verschillende 
zones nauwelijks verschilt. 
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Uitbouw van het centralepark; 
exogene raadgever 

De uitbouw van het centralepark wordt bepaald door de economische opportuniteit 
van nieuwe investeringen.  In de praktijk gebeurt dit meestal bij toenemende vraag 
of bij het uit dienst nemen van oudere eenheden.  De effectieve investering hangt 
van allerlei factoren af.  Aan de basis liggen economische criteria zoals de 
investeringskost, de brandstofkosten en de levensduur.  Daarbuiten zijn er ook 
factoren die eigen zijn aan de regio, zoals de mogelijkheden en beperkingen voor 
hernieuwbare energie en de beperkingen of opportuniteiten die voortvloeien uit de 
lokale wetgeving.  Met al deze gegevens moet de uitbater van een centralepark een 
beslissing nemen.  Omdat sommige factoren onzeker zijn, is het hierbij nodig 
hypothesen te stellen en daarmee een keuze te maken.  Hierdoor is het mogelijk dat 
een uitbater de nodige flexibiliteit inbouwt. 

Modellering : endogeen of exogeen? 

Bij de modellering van de uitbouw van het centralepark zijn er twee strekkingen.   

De eerste mogelijkheid is de endogene uitbouw van het centralepark.  Het model 
beslist zelf op basis van de gegeven randvoorwaarden en beperkingen of er 
geïnvesteerd moet worden en wat daarbij de beste keuze is.  Het voordeel is dat het 
model eerlijk en objectief te werk gaat, zonder tussenkomst of keuzes van de 
operator van het model.  Het nadeel van de endogene werkwijze is dat het niet altijd 
evident is om achteraf de resultaten te interpreteren.  Ook is het niet evident om de 
invloed van afzonderlijke beslissingen na te gaan. 

De tweede mogelijkheid is de exogene uitbouw van het park.  Hierbij bouwt de 
operator zelf het park uit.  De voordelen van deze methode is dat de operator 
gemakkelijk parameterstudies kan doen (bijvoorbeeld het afwegen van een 
steenkool- en een gascentrale) en dat ook de interpretatie van de resultaten 
gemakkelijker is.  Het nadeel is dat het niet duidelijk is of de operator objectief is of 
zelfs wel voldoende kennis van zake heeft om logische beslissingen te nemen (dit wil 
zeggen dat de operator de resultaten gemakkelijk kan manipuleren). 

Exogene raadgever 

Om tegemoet te komen aan het dilemma tussen exogene en endogene uitbouw, 
wordt een exogene raadgever ontworpen.  Deze raadgever suggereert aan de 
operator wat de beste keuze is op basis van het bestaande centralepark, de 
voorspelling van de vraag en de prognose van de energiekosten en 
milieuregelgeving.   
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Bovendien stelt deze raadgever voor of het wenselijk is om te investeren in 
vermogen voor basis-, midden- of pieklast.  Voor de noodzaak aan nieuw vermogen 
kan de Loss-Of-Load-Expectation, LOLE, als criterium gebruikt worden.  Als de 
betrouwbaarheid van het park onder een gekozen punt daalt, wordt er geïnvesteerd. 

De exogene raadgever berekent de netto-huidige kost van elke centraletechnologie 
over de hele levensduur.  Als de levensduur van een centrale buiten de tijdshorizon 
van het model valt, wordt ook de restwaarde van de centrale op dat punt in rekening 
gebracht. 
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Deel 2 
Het model E-Simulate 

Globale modelstructuur 

Het model E-Simulate simuleert de elektriciteitsproductie van, en handel in, 
elektrische energie tussen geïnterconnecteerde zones.  Het programmaschema wordt 
getoond in Figuur v. 

 
E-SIMULATE 

INPUT

VRAAGCORRECTIES

REVISIEPLANNING

RESERVE

VOORBEREIDING UNIT COMMITMENT

UNIT COMMITMENT

PRODUCTIE EN TRANSPORT

OUTPUT

 
Figuur v :  Structuur van het model E-Simulate 

De input bestaat uit de vraag naar elektrische energie voor elke zone, de gebruikte 
centrales in elk productiesysteem, informatie over de gebruikte primaire 
energiedragers (prijs en emissiecoëfficiënten), over de technologieën en de bruikbare 
transportcapaciteit tussen zones.  Ook de bestanden met de speciale 
productieprofielen (zoals WKK en fotovoltaische opwekking) die achteraf gebruikt 
worden om de vraag voor de klassieke eenheden te corrigeren worden gelezen.   

Alvorens aan het echte werk te beginnen worden enkel vraagcorrecties uitgevoerd.  
De eerste vraagcorrectie houdt rekening met centrales met een heel specifiek 
productiepatroon (WKK en fotovoltaisch).  De tweede vraagcorrectie optimaliseert 
het gebruik van opslag. 
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Vervolgens wordt een gemiddelde revisieplanning opgesteld die evenredig is met het 
verschil tussen de totale productiecapaciteit en de vraag met reserve.  Die reserve is 
de N-1 reserve in combinatie met de proportionele reserve die intrinsiek vervat zit in 
het werken met gereduceerd vermogen. 

Om het “unit commitment” van elke centrale te kunnen berekenen is het nodig om 
het gewenste productieniveau te kennen.  Op dit moment is echter alleen de lokale 
vraag gekend.  Daarom wordt eerst het productieniveau voor elke zone geschat door 
een vereenvoudigde versie van de module “productie en transport” te laten lopen 
zonder “unit commitment” (dus in de veronderstelling dat alle centrales perfect 
flexibel zijn).  Daarna wordt het werkelijke “unit commitment” berekend volgens de 
gevorderde heuristische methode. 

Productie en transport worden tenslotte berekend in de aanname van perfecte 
concurrentie en volgens de drie vooropgestelde regels voor transport en transit. 

De output van het model bestaat uit de elektriciteitsproductie en het primair 
energiegebruik van elke centrale voor elk uur.  Ook de transacties tussen de zones 
worden per uur in kaart gebracht.  Aan de hand van het primair energiegebruik 
worden ook de emissies en de primaire-energiekost berekend.  Ook de marginale 
grootheden (kost, primair energiegebruik, emissies) worden voor elk uur berekend. 

Validering 

Validering van het uiteindelijke model is niet vanzelfsprekend.  Enerzijds is validering 
aan de hand van experimenten niet mogelijk.  Anderzijds is ook een vergelijking van 
het model met historische vaststellingen niet voldoende.  Het model rekent op 
sommige punten immers met gemiddelde of verwachte parameters die zullen 
afwijken van de reële condities.  Zo zal bijvoorbeeld de werkelijke revisieplanning 
afwijken van de berekende gemiddelde revisieplanning.  Het kan dan ook niet 
worden nagegaan of eventuele verschillen tussen de resultaten van het model en de 
vaststellingen voortkomen uit dergelijke “toevallige” afwijkingen of te wijten zijn aan 
modelfouten. 

Het is niet nodig om elk afzonderlijk aspect van het model E-Simulate te valideren.  
Bij het bestuderen van elk van de deelaspecten is er al een validering gebeurd; hetzij 
via vergelijking met algemeen aanvaarde methodes uit de literatuur, hetzij via een 
uitgebreide afschatting van de fout. 

Daarom wordt een eenvoudige testprocedure doorlopen waarin een heel eenvoudig 
geval beschouwd wordt.  Daarmee kan het samengesteld model getest worden 
zonder dat de detailaspecten die reeds gevalideerd waren (zoals “unit commitment”, 
revisieplanning of planning van reserve) de interpretatie van de resultaten 
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bemoeilijken.  Daardoor is het mogelijk om situaties te schetsen die ook 
eenvoudigweg beredeneerd kunnen worden. 

In de eerste stap van de validatie worden vier zones met een heel eenvoudig 
centralepark en vraagpatroon beschouwd zonder transportbeperkingen en 
transportkosten.  Onder die randvoorwaarden zouden de vier zones zich als één 
moeten gedragen.  Uit de simulatie blijkt dat dit inderdaad het geval is. 

In volgende stappen worden gradueel beperkingen opgelegd waarvan telkens de 
impact kan voorspeld worden.  In elk van die gevallen gedraagt het model zich zoals 
voorspeld. 

Bespreking van de mogelijkheden van het model aan de hand 
van concrete gevalstudies 

Om de mogelijkheden van E-Simulate duidelijk te maken worden twee gevalstudies 
grondig doorgerekend.   

De eerste is een simulatie voor vier geïnterconnecteerde zones met elk een 
vereenvoudigde verzameling van centrales.  Deze simulatie is vooral bedoeld om 
vertrouwd te raken met het model en wordt verder niet besproken in deze 
samenvatting. 

De tweede reeks van simulaties is een toepassing op acht zones die gebaseerd zijn 
op gegevens voor Nederland, België-Luxemburg, Frankrijk, Duitsland (dat voor de 
eenvoud als één zone wordt beschouwd), Spanje, Portugal, Zwitserland en Italië.  
Voor de gegevens wordt beroep gedaan op het UCPTE jaarverslag van 1998 en op 
de gedetailleerde kennis van de Belgische situatie.  Gegevens die niet op die manier 
kunnen worden achterhaald worden geschat of geëxtrapoleerd.  Voor het tarief voor 
interzonaal transport wordt 1,2 € per MWhE gekozen.  Met deze gegevens worden 
drie situaties bekeken.  Een eerste is de standaardsituatie waarin de 
randvoorwaarden van 1998 zo realistisch mogelijk worden ingevuld.  In variatie 1 
wordt de transportcapaciteit tussen de zones vrij gelaten om de limieten van de 
handel in elektrische energie te testen.  In variatie 2 wordt een globale CO2-taks 
ingevoerd van 10 € per ton CO2.  In beide variaties wordt aangenomen dat het 
centralepark en de lokale vraag ongewijzigd blijven.   

In vergelijking met het standaardscenario neemt in het scenario met onbeperkte 
transportmogelijkheden vooral het transport van Frankrijk naar Italië drastisch toe.  
De grootste toename in productie vinden we in Frankrijk waarin de overvloedig 
aanwezige nucleaire mogelijkheden nu ten volle benut worden.  De toename in de 
Franse productie is echter kleiner dan de toename in transport van Frankrijk naar 
Italië.  Dit betekent dat ook andere landen zoals België, Nederland en Duitsland 
transporteren naar Italië met transit door Frankrijk.   
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In het scenario met CO2-taks (en met opnieuw de transportmogelijkheden van het 
standaardscenario) neemt in België-Luxemburg, Nederland en Italië de productie van 
de gascentrales toe.  Het aandeel van de bruinkoolcentrales neemt overal af en 
wordt deels ook vervangen door gas.  De CO2-emissies dalen in de acht zones 
globaal met ongeveer 6%. 

 

 



 

 

 

The modelling of large electricity-generation systems 
with applications in  

emission-reduction scenarios and electricity trade 
 



 

0. INTRODUCTION 

0.1 General context 
During the UN Conference of Parties (COP) in Kyoto (December 1997), it has been 
agreed that the EU should reduce its greenhouse-gas (GHG) emissions (amongst 
which especially CO2) by 8% in 2008-2012 compared to 1990 levels.  Belgium, as a 
member of this EU bubble, is expected to reduce its GHG-emissions by 7.5%.  In 
order to reach the specified target, the use of so-called ‘flexible mechanisms’ is 
allowed: ‘tradable emission permits’ and ‘Joint Implementation’. 

Power generation is responsible for a substantial part of the overall GHG emissions.  
Because of the expected growth of electricity consumption in the near future, the 
power sector is under scrutiny.  In addition, because of the liberalisation of the 
European electricity market, all considerations with regard to electricity generation 
have to be seen in the broader context of interaction between the overall European 
electricity demand and all of the generation companies. 

0.2 Power generation and GHG emissions 
The responsibility of power generation in the overall GHG emissions fully depends on 
the instantaneous generation mix which, in turn, is determined by the instantaneous 
demand for electricity and the composition of the power system.  In order to balance 
demand and supply, power plants are consecutively activated according to a merit 
order based on marginal generation costs.  For a given demand diagram (e.g. on an 
annual basis), the generation mix will furthermore vary with the changes in the 
composition of the power system: new investments, temporary stops and 
decommissioning of power plants.  Superposition of these demand and plant-system 
aspects is not straightforward. 

The combined effect of the requirements to meet emission reduction targets (e.g. 
the Kyoto protocol) and the liberalisation of the electricity market will lead to a 
reconsideration of the operation philosophy of power-generation systems in Europe.  
Stringent emission-reduction goals necessitate consideration of ecologically-driven 
criteria.  The liberalisation will intensify market driven mechanisms.  Furthermore, 
import and export also get a new meaning and an additional function through 
emission-reduction needs and market liberalisation. 
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0.3 Research goal and scope 
The research in this doctoral thesis aims at developing a methodology to simulate 
electricity generation and trade in electricity in a set of interconnected zones.  With 
this methodology, it is possible to investigate the influence of the Kyoto protocol 
(with its imperative GHG reduction, on the one hand, but with the flexibility offered 
by Joint Implementation and tradable permits, on the other hand) on the 
power-generation mix and the corresponding GHG-emissions in a liberalised 
European market.   

Power generation is only one specific domain within the broader energy context.  
Due to its inherent complexity, it requires a made-to-measure approach.  The 
operation of power stations and systems has its own set of rules, restrictions and 
boundary conditions that may not be oversimplified. 

Therefore, the scope of this work is the development of a methodology and a model 
that simulates the response of a set of interconnected power-generation systems to 
a specific demand pattern.  The model envisages a detailed operational simulation of 
the generation on a power-plant level and the interaction between zones.  Once 
developed, this model can run simulations of scenarios in order to make impact 
analyses of potential measures such as demand-side actions, supply-side stimuli or 
transmission-capacity alterations.  Thus, it is possible to obtain insight in the, not 
necessarily linear first order, impact of specific measures.  Indeed, some measures 
might have a secondary effect that is difficult to quantify in advance or by using 
strongly simplified models. 

A simple illustrative example for this modelling challenge is shown in Figure 1 where 
four interconnected zones are shown, each with a specific power system and facing a 
local power demand. 

 

 
Figure 1 :  Four-zone model for power generation 
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0.4 Research preceding this document 
In 1996 the Belgian power companies started a project to establish a methodology to 
fully understand and to clearly quantify energy related CO2-emissions.  This project 
was called the CO2-project.  A part of this project was the development of a model to 
simulate electricity generation in Belgium.  More precisely, this model had to 
accurately predict the response of a given set of power plants to a given electricity 
demand.  For this purpose, the model PROMIX was created.   

The first version of PROMIX from 1996 was solely intended for the Belgian power 
utilities (Keijers and D’haeseleer [67]).  This model could simulate the power 
generation of the Belgian power system for the quantification of the impact of 
measures taken in the composition of the power system, the shape or magnitude of 
the demand pattern or a combination of both. 

After the initial development of the model, PROMIX was gradually altered, updated 
and improved in order to better link up with reality (Voorspools and 
D’haeseleer [127][128]).  This version of PROMIX was, however, still tailored to the 
specific Belgian context.  Therefore, also efforts were made to redesign PROMIX for 
other countries (Voets and Reweghs [124]). 

The obvious next step in the evolution of PROMIX is the dynamic internationalisation 
of electricity generation.  This next step implies the possibility of endogenously 
determined interaction between different zones. 

Based on our experience, the specific development of PROMIX will hamper this next 
step.  PROMIX consists of gradually added sub-routines to the original version of 
1996.  Although robust for its purposes, this “add to fix” strategy rendered PROMIX 
unmanageable for the drastic fundamental alterations required to allow interaction 
between zones.  Therefore, for this doctoral thesis, it was decided to develop an 
entirely new model in which the knowledge gained in the development of PROMIX 
can be incorporated.  In addition, the development of a new model from scratch also 
allows to re-evaluate the assumptions made in, and modules added to, PROMIX. 

0.5 Why a new model? 
A literature survey of existing models 

This research aims to develop a methodology to accurately simulate electricity 
generation in a set of interconnected zones all facing a local electricity demand, 
taking into account the technological restrictions and boundary conditions of 
electricity generation.  The model envisaged aims to combine a short-term accurate 
simulation of power generation on a power-plant level and the ability to perform 
(hypothetical) simulations of electricity generation in a scenario approach. 
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A first obvious step in this quest is a survey of the existing models in literature and to 
investigate whether or not they can be used for this task. 

0.5.1 Models studied 

0.5.1.1 EIREM 

EIREM, or European Inter Regional Electricity Model, was developed at the University 
of Cologne.  EIREM is a large scale multi-period multi-region linear programming 
model of the European power system.  The technological detail is insufficient for our 
purposes.  E.g. for the characterisation of the individual power plants mostly 
economic parameters are used.  Technological restrictions (e.g. minimum-down time 
or minimum operation point) are not taken into account (Hoster [58][59]). 

0.5.1.2 ELFIN 

ELFIN, or the Electric Utility Financial & Production Cost Model, was developed by the 
Environmental Defense Fund (EDF) to simulate the production of energy to meet 
loads and, especially, to simulate the financial status of a utility.  An example of the 
use of ELFIN is given by Sweetser [109].  Interactions between regions are 
incorporated exogenously by adjustment of the demand. 

ELFIN cannot be used for our purposes, mainly because interaction between regions 
or zones cannot be simulated.  Also some of the required technological boundary 
conditions (e.g. minimum-up or minimum-down time of individual plants) are not 
taken into account. 

0.5.1.3 ENPEP and WASP-III 

ENPEP, or the Energy and Power Evaluation Program, developed by the IAEA, is a 
medium- and short-term supply and demand energy balance forecasting tool.  The 
module ELECTRIC in ENPEP computes the optimal working conditions of electric 
generating units.  Many parameters, such as the system expansion, are calculated 
endogenously.  The ELECTRIC module in ENPEP is the microcomputer version of 
WASP-III, or Wien Automatic System Planning (Jusko et al. [64]). 

ENPEP is more a forecasting tool than a electricity-generation simulation tool.  ENPEP 
specifically aims at predicting future power supply needs and demand.  Supply and 
demand are matched by simply “filling up” the load-duration curve 
(Jusko et al. [64]).  This might be sufficient for a forecasting tool, but neglects the 
nuances of hourly demand fluctuations with an impact on, e.g. unit commitment and 
reserve planning.  Therefore (and also because of the absence of some technological 
specifications), ENPEP cannot be used here. 
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0.5.1.4 ESPRIT 

ESPRIT, developed by the Slovenian Milan Vidmar Electroinstitute, can be used for 
the financial analysis for the management of energy systems (World Bank [137]).  
ESPRIT can only be applied at the local level and is therefore not useful here. 

0.5.1.5 GEM-E3 

GEM-E3, or General Equilibrium Model for Energy-Economy-Environment interactions, 
developed for the European Union under the coordination of the National Technical 
University of Athens, is a multinational and multi-sector equilibrium model, including 
detailed representation of energy supply and consumption.  It is intended for policy 
support on sustainable economic growth (World Bank [137]). 

The energy module of GEM-E3 is a simplified version of PRIMES 
(Capros et al. [11][12]) that already lacks the technological detail required in this 
research. 

0.5.1.6 LEAP 

LEAP, or Long-range Energy Alternatives Planning system, developed by Tellus 
Institute, provides a computer based approach for energy planning.  It can be used 
for multi-region countries or local planning purposes (World Bank [137]). 

LEAP is typically used in longer term planning and the technological detail of the 
individual power plants is insufficient for our purposes.  LEAP uses load-duration 
curves to dispatch power units which neglects chronological aspects (SEI [107]). 

0.5.1.7 MARKAL 

MARKAL, or Market Allocation model, developed by the Energy Technology Systems 
Analysis Programme (ETSAP) of the IEA, accomplishes dynamic modelling of both 
the energy supply and demand of an energy system.  It was originally based on 
demand-driven and multi-period linear programming.  MARKAL is typically configured 
for national energy systems and can operate over a time horizon of several years.  
More recently, MARKAL was followed by a non-linear programming formulation 
combining a “bottom-up” technology model with a “top-down” macro-economic 
model (Seebreghts, Goldstein and Smekens [99]).  MARKAL has further evolved to 
TIMES; The Integrated MARKAL-EFOM System.   

There are several models in the “MARKAL family”, ranging from the standard version 
to versions with stochastic programming and integrated learning curves.   

For short to longer term detailed electricity-generation simulation as required in this 
work, MARKAL is not suitable.  The main reason is that the technological restrictions 
of the individual power plants are not specified.  The load characterisation is 
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characterised by six time divisions (World Bank [137]) where our approach needs a 
more detailed power demand. 

0.5.1.8 MIDAS 

MIDAS, or Multi-national Integrated Demand and Supply model, designed at the 
National Technical University of Athens, is a medium-term annual energy forecasting 
model which combines econometric with process analysis formulations (World 
Bank [137]).   

MIDAS is used to forecast energy demand and the necessary capacity expansion 
which is not useful for our purposes. 

0.5.1.9 MODEST 

MODEST, or Model for Optimisation of Dynamic Energy Systems with 
Time-dependent components and boundary conditions, developed by IKP Energy 
Systems, is an energy-system optimisation model using linear programming to 
minimise costs of energy supply and demand (Henning [52]).   

MODEST is especially intended for investment decisions and it is designed for local 
use.  Therefore, it is not useful for our purposes. 

0.5.1.10 ORFIN 

ORFIN, or Oak Ridge Financial Model, developed by the Oak Ridge National 
Laboratory, is an electric utility financial production simulator.  It is an economic load 
dispatch tool with wholesale market interactions (Hadley [48]).  ORFIN uses load-
duration curves to dispatch power units which neglect the chronological detail we 
require.  Also the technological detail is too limited for our purposes. 

0.5.1.11 PRIMES 

PRIMES, developed for the European Union under the coordination of the National 
Technical University of Athens, is a model that finds a market equilibrium solution for 
energy supply and demand in the EU.  It is a general purpose model conceived for 
forecasting, scenario building and impact analysis (Capros et al. [11][12]). 

PRIMES is a longer-term forecasting tool.  The technological detail of the generating 
technologies is insufficient for our needs. 

0.5.1.12 PROMIX 

PROMIX has already been described in Section 0.4.  As stated there, PROMIX cannot 
take into account electricity trade between different zones endogenously. 
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0.5.1.13 PowerPlan 

PowerPlan, developed at the Rijksuniversiteit Groningen, is an interactive simulation 
model about the planning of electricity supply (Benders [3]).  The production 
simulation module in PowerPlan is base on the load-duration curve.  Since we want 
to keep the chronological information, PowerPlan cannot be used. 

0.5.1.14 “Private” models 

Apart from the models discussed above, there are also a number of models 
developed by consulting agencies or private organisations.  Examples are UPLAN 
(LCG Consulting [71], Deb [20][21]), PowerSym3 (Operation Simulation Associates 
Inc. [88]), IDOL (GASTEC n.v.), ENPRO-III (ENTEC Consulting Inc.) and PROMOD IV 
(New Energy Associates [87], used in Patterson [92]). 

Due to the proprietary nature of these models, information on the functioning and 
underlying model is not or insufficiently available. 

0.6 Contents of this document 
After this introduction, this document mainly consists of two parts. 

The first part of the text closely looks at specific problems in the simulation of power 
generation.  Eight separate topics are discussed: intermittent power sources, optimal 
use of energy storage, outage planning, reliability of power stations, minutes-reserve 
planning, unit-commitment optimisation, cross-border transmissions and trade and 
finally the expansion of the power system. 

The second part of the text describes the actual simulation model, called E-Simulate.  
The model is further explained by demonstrating a few possible applications.  

Finally, conclusions are drawn and recommendations are made for future research. 

 



 

 

 

PART 1 

Fundamental aspects of 
power-generation modelling  
in an interconnected context 

 



 

1. INTERMITTENT POWER SOURCES 

1.1 Summary 
Power generation based on intermittent power sources requires a specific approach 
in both power-generation modelling and power-system-expansion criteria. 

For the simulation of wind-power generation, the assumption of a constant average 
power output is shown to be acceptable.  For the modelling of the expansion of the 
power system, the capacity credit of wind power is used.  This capacity credit 
represents the amount of conventional1 installed power capacity that can be avoided 
by wind power, maintaining the same level of system reliability. 

Because of its specific generation profile, photovoltaic-power output (PV) is simulated 
as a negative load for the rest of the power system.  Since the output of PV is zero 
during the absolute demand peaks in most regions, the capacity credit of PV is zero, 
which means that PV is not accounted for in power-system expansion. 

Finally, co-generation units are also simulated as negative load.  The output profile of 
co-generation units is specifically linked to the heat demand of the application, which 
in many cases results in a generation profile that cannot be averaged. 

1.2 Introduction 
In this section, intermittent, fluctuating, (partly) unpredictable or non-dispatchable 
power sources are treated.  Although often conceptually different, for simplicity, 
these qualifying adjectives are considered as synonyms unless specified otherwise.  
The following power-generating technologies are dealt with: renewable energy in the 
form of wind, hydro and solar photovoltaic power and electricity generation from 
co-generation (or combined heat and power, CHP) plants. 

Unpredictable, incontrollable or fluctuating power sources pose two main challenges 
to power-generation modelling.  The first is the impact of their intermittent power 
generation and the consequent sub-optimal use of the remaining power system.  The 
second challenge is the role of the intermittent power source in power-system 
expansion evaluation. 

                                                     
1  The term “conventional” power units is used throughout the text for centrally dispatchable 

power units without storage possibilities. 
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1.2.1 Power generation 

The first challenge is the simulation of the power generation itself.  For the 
conventional part of the power system, these fluctuating power sources can be 
interpreted —apart from their power generation— as an increased uncertainty in 
power deliverability or in terms of an additional need for reserve requirement. 

A first possibility for modelling the power generation from these types of power 
systems is to simplify it as constant at a reduced or equivalent average power 
output.  Another possibility is to carefully take into account all fluctuations. 

1.2.2 Power system expansion 

The second challenge is the significance of intermittent power sources in 
power-system expansion.  To what extent can an unpredictable power source be 
accounted for in the expansion of the power system?  How unpredictable is the 
power source?  Is there a minimum power output that can be expected with a 
reasonable or acceptable probability?  Whereas conventional power stations can be 
considered binary units being either fully available or not at all, the fluctuating output 
of unpredictable power sources may vary between zero and full load.  The main 
difference is that —apart from technical availability (which is availability in the 
technical sense of being out of order)— for conventional plants a central dispatcher 
determines the output, whereas the output of plants based on intermittent sources is 
more or less random.   

A conservative approach is to disregard fluctuating power sources in 
system-expansion planning.  Although this view is easy in practical use and leads to 
a “safe” solution, it will not result in an economic optimal solution.  Indeed, zero 
output of the fluctuating power source is a possibility with a corresponding (possibly 
low) probability. 

1.3 Wind power 
Power generation from wind turbines solely depends on wind speed.  Since wind 
speed is far from constant, the power output may vary strongly.   

1.3.1 Wind power and power-system expansion 

For power-plant-expansion considerations, there are two main possibilities (apart 
from the conservative approach where wind turbines are not considered for 
expansion strategies): the capacity credit and probability functions. 
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1.3.1.1 Capacity credit for the expansion of the power system 

The concept of capacity credit (CC) expresses the amount of installed conventional 
power that can be avoided or replaced by wind power.  This capacity credit is the 
fraction of the installed wind power for which no “double investment” is needed.  
E.g. 1 GW installed wind power with a capacity credit of 30% can avoid a 300 MW 
investment in conventional dispatchable power.  Van Wijk [122] calculates the 
capacity credit using a probabilistic method, which evaluates the loss-of-load 
expectation (LOLE2) of the power system.  In fact, two systems are compared: one 
system with, and one without, the additional wind-power capacity.  Both systems are 
expanded to obtain the same LOLE.  The capacity credit can be established as shown 
in Eq. (1.1). 

 with without

wind

P P
CC 1

P
−

= −  (1.1) 

With Pwind additional wind-power capacity considered  
Pwith total power-system capacity in the case with additional Pwind 
Pwithout total power-system capacity in the case without additional Pwind 

It is noted that if both power systems were to have the same capacity (i.e. 
Pwith=Pwithout), the capacity credit would equal 100% (which would imply that the 
wind-power investment is, in LOLE terms, the equivalent of its conventional 
alternative).  Normally, Pwith will be larger than Pwithout because of the lower reliability 
in power delivery of wind power in comparison with conventional units, which means 
that investment in partial back-up is necessary in order to obtain the same LOLE 
level. 

Milligan [84] uses a loss-of-load probability (LOLP2) based method for the definition 
of the capacity credit.  He also mentions that the capacity credit may be interpreted 
approximated by the capacity factor of the wind-power system, defined as its 
electricity generation over a certain period divided by the nominal (or rated) 
wind-power capacity times the number of hours in that period.  For our purposes, 
the LOLE or LOLP based definition is withheld. 

The calculations performed by Van Wijk [122] focus on wind power in the 
Netherlands.  Wind projects of 100, 250, 500, 1000, 1500 and 2000 MW (or 
penetration levels of 0.9% to 18.0% of the Dutch peak load) result in a capacity 
credit of 28.0%, 25.6%, 22.8%, 18.4%, 15.5% and 13.6%, respectively (the Milligan 
approximation would, in these cases, lead to a static capacity credit of 22% for all 
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penetration levels).  Van Wijk [122] finds that at low penetration levels (installed 
wind power less than 1% of peak load), the capacity credit approximately equals the 
capacity factor divided by the average overall system reliability3 of the conventional 
power system.  At high penetration, the capacity credit will reach an asymptotic 
value that is set by the reliability of the whole system. 

The results of Van Wijk are valid for the Dutch situation, but are sufficiently generic 
to be “translated” to a broader context.  Equation (1.2) for the capacity credit of 
wind power, has been empirically fitted to the results of Van Wijk.  All coefficients 
were chosen to obtain a perfect correlation ( R2 = 1 ). 

 CC  =  A + B.e-b.x for x > 1% 

 CC  =  C for x < 1% (1.2) 

 CC capacity credit in % of installed rated wind power 
x penetration level of wind in % of peak load 
CFwind capacity factor of wind farm in % 
Rsystem reliability of conventional plants in % 
b 0.094 
A 0.455 x CFwind 
B 1.098 x ( C - A ) 
 C 107 x CFwind/Rsystem 

Van Wijk [122] observes that the capacity credit depends on the capacity factor of 
the wind turbines.  This is taken into account in Eq. (1.2) in which the capacity factor 
CFwind is internalised. 

Since Equation (1.2) was derived from data for Dutch boundary conditions, it is also 
tested for other sources in the literature.  For a U.S. case, Bernow [4] reports a 
capacity credit of about 10 to 15% (the capacity credit may differ from year to year 
depending on the wind profile) for a wind system with a capacity factor of 20%.  A 
calculation with Eq. (1.2) leads to a capacity credit of approximately 13 to 14% for 
the boundary conditions described by Bernow.  Bernow [4] also observes that the 
capacity credit declines with increased penetration (factor x in Eq. (1.2)), which is 
also the case in Eq. (1.2).  Giebel [46], who studied the spread of wind farms all over 
Europe, finds a capacity credit of 19.3%.  With Eq. (1.2), we estimate the capacity 
credit for the case discussed by Giebel between 19 and 21%. 

                                                                                                                          
2 LOLE (Loss-of-load Expectation or Expectancy) is defined as the expected period during 

which the system load exceeds the available generating capacity.  
LOLP (Loss-of-load Probability) is defined as the probability that load exceeds the available 
generating capacity in a given time period.  Loss-of-load concepts are further developed 
and used is Chapter 5 on reserve planning and Chapter 8 on power-system expansion. 

3  The reliability of a power plant is defined as the probability that a plant can deliver power or 
can be switched on to do so when not in maintenance. 
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1.3.1.2 Probability functions for power-plant-expansion criteria 

A different approach to account for wind power in system-expansion planning is the 
use of probability functions as shown in Figure 2 (Leemans [75]).  Such figures need 
to be constructed for every hour, or at least for some representative hours.   

The power-generating company owning the wind turbines plans on an output of the 
wind turbines of at least X1 with a previously chosen possibility (or risk) Y1 that it will 
not be covered.  For the balance, rated power - X1, back-up is provided.  Since the 
power output of the wind turbines will never exceed the (1-X3) level, a maximum 
back-up of only X2 is needed.  The shape and magnitude of the curve can be 
manipulated by the location and the spread of the wind farms. 

In essence, this approach is quite similar to the LOLE strategy.  There, a chosen risk 
level is also determined as a period of time the load cannot be met.  By using 
probability functions, that risk is included as an individual probability for every 
separate hour. 

 

X = wind-power generation / rated wind power
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Figure 2 :  Probability function of wind output per hour 

1.3.2 Simulation of wind power generation 

Voets et al. [123] (also summarised by Voorspools et al. [129]) performed 
simulations with the PROMIX model to evaluate the impact of wind-power 
fluctuations on the power generation of the overall power system.  No capacity credit 
was considered in this case because the goal was to determine the influence of 
fluctuating wind-power output on the operation of the central power system; not on 
its expansion.  In these simulations, PROMIX simulates the operation of the central 
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power system (conventional power-generating units) whereby the wind-power 
output is considered as a negative load4. 

The results of the study by Voets et al. [123] are shown in Figure 3.  The scenarios 
were simulated for a projected Belgian electric context in 2005 (all in comparison 
with a base-line scenario without additional wind-power capacity).  The wind farms 
are located in four reasonably spread (in Belgian terms) areas where wind 
measurements were available.  The capacity factor of these wind farms is about 33% 
in all scenarios.  Except for the measured profile, all simulations are artificial thought 
experiments to examine the response of the system.  In the constant profile 
scenario, a constant reduced wind-power output (of about 33% of the nominal 
power of the wind turbines) is simulated.  The measured profile is derived from the 
wind-speed measurements in one of the stations.  In the hour sequence, the wind 
farms are supposed to alternately operate at full and zero output.  In order to obtain 
the 33% capacity factor, these periods are one hour (full load) and two hours (zero 
output).  A comparable approach is followed in the two-hour sequence and in the 
four-hour sequence.  In the day-sequence, the full load and zero output periods are 
blocks of, respectively, one and two days. 

Figure 3 demonstrates that the results5 for the constant profile, the measured or 
realistic profile and the day sequence practically coincide.  Only the very drastic 
scenarios in which wind-power output rapidly and dramatically changes, lead to 
different results. 

Based on his model for the Netherlands, Van Wijk [122] notes that a 
wind-power-output variation of more than 40% of the rated power would never 
occur in a ten-year period.  A 30 to 40% variation would only occur 4 times in a ten-
year period.  Johansson et al. [63] further analysed the results of Van Wijk and finds 
a probability of merely 10-4 for 60% power fluctuation within 4 hours or 30% power 
fluctuations within one hour.  The 100% power fluctuations in the hour, two-hour 
and four-hour sequences of Figure 3 are therefore highly improbably and are only 
useful as academic exercises to establish the effect of a strongly fluctuating power 
source.   

Wider-spread wind-power locations result in a more levelled output profile 
(Giebel [45] and Landberg [70]).   

                                                     
4 In fact, the wind farms are considered as machines with fluctuating power output, but since 

this output no longer needs to be provided by the rest of the power system, it can also be 
interpreted as negative load.  This negative-load approach is commonly used 
(Van Wijk [122], Milligan [84] and Giebel [46]). 

5  Results are here measured in greenhouse-gas emissions of the overall power system. 
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Figure 3 :  Impact of wind power fluctuations on greenhouse gas emissions in electricity 

generation 

1.4 Photovoltaic power 
Although the output of photovoltaic (PV) power units is also unpredictable and 
variable, they require a different approach than wind power stations.  Indeed, the 
output of PV plants follows a strict pattern.  At night, the output is definitely zero and 
the multi-year average output during the day varies with the season (Figure 4). 

1.4.1 Photovoltaic power and power-plant expansion 

In typical daily power-demand profiles in Western Europe, two daily peaks occur; 
one at about 12.00h and one in the evening after 18.00h.  For Belgium, both peaks 
are comparable in magnitude.  The Power and Energy Balance report from 
UCTE [115] reveals that in most EU countries (Belgium, Germany, Spain, France, 
Italy, Croatia, the Netherlands, Portugal, Hungary, Poland, the former Republic of 
Yugoslavia and the former Yugoslav Republic of Macedonia) the annual peak demand 
occurs during a winter evening.  Since the photovoltaic systems do not generate 
electricity during this period, their capacity credit is zero. 

1.4.2 Simulation of photovoltaic power generation 

Multi-year average photovoltaic-power output shows a distinct, not constant profile 
(Figure 4).  Therefore, it makes little sense to consider it as a constant power output 
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and the instantaneous power output needs to be simulated as a negative load for the 
conventional power system.  A power output pattern similar to the one shown in 
Figure 4 can be used.  This profile can be scaled depending on the region (or solar 
input) considered. 
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Figure 4 :  Multi-year average power output from photovoltaic cells in Ukkel, Belgium  

(from Leemans [75]) 

1.5 Hydro power 
The output of run-of-river plants is fairly constant (for most regions in Western 
Europe) and is therefore also modelled as such; both for power-plant expansion as 
for electricity generation. 

This constant output is not extant for hydro plants with storage possibilities 
(pumping units, plants with dams, seasonal plants with snow and ice melt).  
Therefore, such plants are dealt with separately (Chapter 2: Economic Optimisation 
of the Use of Energy Storage). 

1.6 Co-generation of heat and power 

1.6.1 Simulation of power from co-generation 

Co-generation units are, if used properly, heat-driven power systems.  This means 
that the units are only activated when there is a demand for heat (although heat 
storage may grant some flexibility in the exact operation of the co-generation units).  
Co-generation units can therefore not be considered dispatchable generation units 
and, in our modelling approach, co-generation will be modelled on the demand side 
as negative demand by mathematically subtracting the electric output from the 
co-generation units from the central demand. 

For our purposes, several co-generation applications are considered: industry, the 
tertiary sector, the residential sector and horticulture.  Industry is further divided into 
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industry with continuous operation and industry only active during business hours.  
The heat-demand profiles used have been measured and calculated by VITO [80] 
and Institut Wallon [62].  The corresponding generation profiles for the co-
generation units have been calculated using the technique proposed by VITO [80] 
using the “maximum rectangle” rule.  This rule is illustrated in Figure 5.  Inside the 
heat-load-duration curve, the rectangle with the maximum surface PQ*U is fitted (PQ 
stands for the rated thermal power of the units and U for the number of hours of 
operation).  When all the operating hours are again set in chronological order, the 
output of the co-generation units is known. 

heat
demand

time

heat load duration curve 

maximum rectangle 

U 

PQ 

 
Figure 5 :  Maximum rectangle rule used for dimensioning and operating co-generation 

With this method and with the heat-demand profiles, the electricity generation from 
the co-generation units can be calculated, resulting in the electricity-generation 
profiles shown in Figure 6. 

Since in the generation model the electric-power generation of co-generation units is 
subtracted from demand for the central power system, the only required input for 
co-generation is the rated electric power of the units and the type of application they 
are used in.  In order to obtain information on the primary-energy use, the related 
emissions and the heat generation, also the fuel type and the electric and thermal 
efficiencies αE and αQ are used. 
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Figure 6 :  Electricity generation profiles for different types of co-generation applications 
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1.6.2 Allocation of energy use and emissions 
to heat and power of co-generation 

Co-generation poses a problem in the distribution of the emissions between the 
electric sector and the sector in which the heat is used.  Several attempts have been 
made to calculate a fair allocation to both sides.   

Mathieu et al. [81] make a distinction between the actual energy use and emissions 
of the co-generation units and the avoided energy use and emissions if the heat and 
power would have been generated by a combined-cycle unit on the electric side and 
a classic boiler on the heat side.  Then, they consider two allocation criteria.  In the 
first, the allocation is proportional to the energetic (heat and electricity) output of the 
unit.  The second criterion uses the exergetic properties of the co-generation output 
(factor one for electricity and the Carnot factor 1-T0/T for heat).  Combination of 
these criteria results in four allocation rules. 

The AMPERE commission [16] uses a more general and more flexible allocation rule 
in which the co-generation unit is assumed to use a fraction X of the primary energy 
for electricity generation and a fraction Y (Y=1-X) for heat generation.  The 
commission mentions two possibilities for X and Y (also obtained by 
Mathieu et al. [81]): 

an energetic allocation with  

 
α

=
α + α

E

E Q
X  (1.3) 

 
α

=
α + α

Q

E Q
Y  (1.4) 

and an exergetic allocation with  

 
( )

α
=

α + α ⋅ −
E

E Q 0
X

1 T T
 (1.5) 

 
( )

( )
α ⋅ −

=
α + α ⋅ −

Q 0

E Q 0

1 T T
Y

1 T T
 (1.6) 

In our model, the results for co-generation will be reported on separately in order to 
prevent misinterpretation. 
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1.7 Conclusions for the simulation of intermittent 
power sources 

Wind power generation is simulated as a constant average power output.  
Photovoltaic power generation and power from co-generation units is simulated as 
negative load for the rest of the power system. 

The relevance of power units depending on intermittent sources is expressed in the 
capacity credit of those systems.  For wind power a formula for the capacity credit is 
derived from observations in literature.  For photovoltaic power stations, the capacity 
credit is zero. 

 

2. ECONOMIC OPTIMISATION OF THE USE OF 
ENERGY STORAGE 

2.1 Summary 
The use of a system of power units with storage is optimised in a first-order demand 
levelling operation (or peak shaving).  This means that, during “charging” and 
“release”, the remaining power required from the rest of the power system remains, 
in an ideal case, constant.  The error made by using this first-order approach, 
instead of using actual economic optimisation, is estimated to be below 0.2% of the 
total primary-energy use of the entire power system. 

Lagrangian relaxation is not applicable for this optimisation because most of the 
parameters needed are not available in a mathematical manageable format. 

2.2 Introduction 

2.2.1 Definitions 

Two types of energy storage units are considered: single and dual storage units. 

Single storage units are power plants where energy is stored without electricity use.  
Examples are hydro dams where the natural water flow is stored or dams in which 
snow and ice melt is collected.  The energy release may be seasonally dependent 
(e.g. for snow and ice melting units) or not (e.g. for a hydro dam on a river). 

Dual storage units are plants that convert electric energy into a storable form (e.g. 
gravitational potential energy or batteries).  This stored energy can later on be 
converted back into electricity.  Such units are typically used to level power demand 
in time.  During periods of low electricity demand, when the marginal cost is low, 
cheap electric energy can be used to charge the storage device.  During periods of 
high electricity demand, when the marginal cost is high, expensive electric energy 
can be saved by releasing the stored energy.  Examples of dual storage units are 
water-pumping units and batteries. 
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2.2.2 Energy storage optimisation in relation to other 
optimisation topics 

Optimisation of the use of a power system with storage units cannot be considered 
separately from other optimisation topics such as the unit-commitment planning, the 
outage schedule or the reserve strategy. 

For single storage units, there is little problem.  The stored energy will be released 
during periods of high electricity demand when the marginal cost is high. 

For dual storage units the optimal amount of stored energy depends on the 
economic optimisation of the dispatching and commitment of the conventional1 
power units.  Therefore, dual storage optimisation interacts with other optimisation 
topics. 

The economic optimisation of storage of electric energy is linked to unit commitment2 
(UC).  Charging and release affect the shape of the power demand for the rest of the 
power system.  UC needs to be optimised to this altered demand and determines 
which plants are best activated.  Charging and release, on the other hand, need to 
be optimised based on the units activated…  So, there is a clear interaction between 
both topics. 

In spite of this interaction, UC and storage optimisation are nevertheless considered 
as being uncoupled by Wood and Wollenberg [136].  Gollmer et al. [47], on the 
other hand, include hydro optimisation as an additional boundary condition in the UC 
problem. 

The method proposed here is a pragmatic compromise of these considerations on 
interaction with other optimisation topics.  In the storage optimisation, a rough 
estimate is made of the UC scheme.  Afterward, UC is considered according to the 
resulting demand for conventional units.  This procedure may be further refined by 
iteration (also after calculation of dispatching, import, export,…) until convergence. 

This first-estimate approach for storage optimisation will also be used with regard to 
reserve planning and outage planning3.  Unlike for UC, these two topics are less 
important in the interaction with other topics. 

2.2.3 Storage and perfect competition 

Apart from dispatching optimisation achieved by load levelling, storage units may 
also have a strategic function.  E.g. Deb [20] discusses a competitive environment 

                                                     
1  The term “conventional” power units is used throughout the text for centrally dispatchable 

power units without storage possibilities. 
2  Unit commitment is a term that refers to the decision process on which units are online at 

every time.  Unit commitment is discussed in detail in Chapter 6. 
3  Outage planning and reserve planning are discussed in detail in Chapters 3 and 5. 
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where profit maximisation of storage units includes the possibility to provide ancillary 
services.  

Such considerations are not withheld in our work.  In perfect competition4 and in the 
situation where demand is known, storage and release optimisation are solely based 
on marginal generation costs.   

2.3 Mathematical energy-storage optimisation 
The optimisation of the interaction between the use of the storage facility and the 
conventional power system can, in theory, be calculated.  To find the optimal 
solution, the total cost are minimised mathematically.  All boundary conditions are 
included by means of Lagrangian multipliers (e.g. Philpott [94] and Wood and 
Wollenberg [136]).  This mathematical approach is briefly described in Appendix A. 

The applicability of Kuhn-Tucker conditions or Lagrangian relaxation is not 
self-evident in this case because of the format of some of the parameters.  E.g. the 
marginal cost curves are only available in tabular form and would first need to be 
parameterised for every hour (this problem is fully addressed in Chapter 7, 
Section 7.5.2).  Therefore, another approach is developed here. 

2.4 First-order demand levelling approach 
The interaction between storage units and the conventional power system can be 
optimised using several methods such as numerical optimisation with Lagrangian 
multipliers, iterative solutions of linear or non-linear equations, dynamic 
programming with heuristics and stochastic methods with event trees.  All these 
methods consider the storage unit as a power generating plant. 

It is also possible to interpret the storage facility on the demand side, using a 
demand correction.  Hence, the remaining corrected demand is the demand for 
conventional non-storage units.  The problems of storage and power generation 
optimisation are solved separately.  As a drawback, optimisation of the interaction 
between storage and the operation of the conventional units is not guaranteed. 

A simplified version of this method was already introduced in PROMIX (Voorspools 
and D'haeseleer [128]) where it is assumed that the task of the storage units 
consists of levelling demand for the conventional units.  Although this method lacks 
economic optimisation, it led to acceptable result for the Belgian context, namely 
because it was tailored to the advance knowledge of the operation of the annual 
charging and release of electric energy in pump-storage units.  Since this method is 

                                                     
4  Perfect competition is elaborately discussed in Chapter 7 on Cross-Border Transmission. 
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based on inside information, it cannot be translated to the conditions of other control 
zones, neither can it be used reliably for the future power context in Belgium. 

2.4.1 Conditions for storage used in the first-order demand 
levelling approach 

For single storage units, there are two boundary conditions. 

1. The power output of the storage unit 

2. The total amount of storable energy 

For dual storage units, a third boundary condition comes into play.  Dual storage and 
release is only useful when cheap energy can be stored and later on used in periods 
with high marginal costs.  The avoided costs during release need to exceed the 
additional costs during pumping.  If an amount of electricity is used for pumping at 
marginal cost MCpump, only a fraction ηpump-release is converted back into electricity with 
an avoided marginal cost MCrelease.  The additional marginal costs are therefore 
MCpump where the marginal revenues are only a fraction ηpump-release of MCrelease.  The 
third condition therefore merely demands that marginal revenues exceed the 
marginal costs. 

3. MCrelease ≥ MCpump / ηpump-release 

       with MCpump the marginal generating cost at pump level 
  MCrelease the marginal generating cost at release level 
  ηpump-release the net efficiency of a pump-storage cycle. 

2.4.2 Method for first-order demand levelling versus theoretical 
optimisation of storage use 

The method further described for demand levelling is valid for both single and dual 
storage units.  It is explained for single storage units. 

The electric energy that can be generated by the storage unit is spread over a period 
in time.  This can also be considered as a load reduction or load levelling for the 
conventional power units as schematically shown in Figure 7. 

Although the demand correction shaves off the most expensive electricity generation 
(highest activation order), it may still lead to a sub-optimal operation of the rest of 
the power system.  This is demonstrated in Figure 8.  In the case on the left-hand 
side, the demand correction is performed first, leading to the effect that one or more 
plants will need to operate at partial load.  In the optimal solution, shown on the 
right-hand side, the electricity generation from the storage unit is redistributed to 
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allow an optimal use of the conventional units, avoiding as many plants as possible 
operating at partial load. 
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Figure 7 :  Schematic presentation of demand correction for storage units 
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Figure 8 :  Sub-optimal solution of first order demand correction due to demand levelling for 

storage optimisation 

2.4.3 Deviation from optimal solution 

2.4.3.1 Maximum error 

Definition and quantification of maximum error 

The largest possible error (as shown in Figure 8) occurs when the difference 
between full load and partial load is maximum.  For one particular power plant, this 
is the difference between full load and the minimum allowed operating point, as 
illustrated in Figure 9.  In the sub-optimal case, electricity Pm.∆t is delivered with the 
part-load efficiency ηmin of the minimum operating point.  In the optimal case, this 
same amount of electricity is generated with rated efficiency ηmax at full load. 
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Figure 9 :  Maximum difference between demand levelling and optimal solution for storage 

optimisation 

According to Mathieu et al. [81], the efficiency of a modern combined-cycle unit 
(single shaft) drops from 55% at full load to 42% at the minimum operation point of 
about 40% of full-load capacity.  For a modern steam-cycle unit, the efficiency drops 
from 46% at full load to 43% at the minimum operating point of about 35% of 
full-load capacity.  This means that the largest possible drop in efficiency occurs in 
the case of a combined-cycle unit.  For this combined-cycle unit, the difference in 
primary-energy use for the delivery of electricity Pm. ∆t amounts to 31% of the 
energy use of that combined-cycle unit in the optimal solution. 

In a first approximation, we also assume that the storage unit generates the same 
amount of electricity in both cases, ignoring the fact that the output of storage units 
is not necessarily linear with the prime mover (such as the water flow).  In other 
words, we assume that the storage unit operates in the quasi linear domain.   

Observations and objections 

The two situations shown in Figure 9 are extreme and unrealistic for several reasons. 

A highly efficient combined-cycle unit is normally not used for load following.  
Therefore, it is unlikely that a combined-cycle unit will be operated at the minimum 
operating point for longer periods.  On the other hand, it is also unrealistic to merely 
operate a combined-cycle unit for a couple of hours at full load and then shut it 
down. 

Both situations in Figure 9 can only occur when demand is perfectly known.  In 
reality, there will be an amount of minutes reserve for load following and unforeseen 
occurrences.  In the theoretical optimal solution, there is no reserve since all plants 
operate at the maximum power level and all stored energy is released. 

In the example, only one plant operates at partial load.  In reality, it is more 
economic to operate several plants of the same type (in this case comparable 
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combined-cycle units) at partial load.  Instead of operating one combined-cycle plant 
at 40% of the rated power, one could operate two units at 70%, three units at 80%, 
four units at 87.5%,… 

The difference of 31% in primary-energy use of the combined-cycle unit is also 
misleading since it is related to the energy use of one single plant.  If the entire 
system of all activated plants is considered, the relative difference is evidently much 
smaller, as will be shown in the next section. 

2.4.3.2 Estimation of the real error made by using first-order demand 
levelling 

Since the maximum error occurs in extreme situations as stated above, some other 
(more realistic) possibilities are also evaluated and compared. 

Consideration 1 : combined-cycle versus classic thermal steam unit 

When the same exercise of Section 2.4.3.1 is done for a ultra-super-critical (USC) 
coal-fired unit (efficiency of 46% at full load and still 43% at the minimum operation 
point of 35% of full load) the relative difference in primary-energy use is reduced to 
6.5% of the energy use of that USC plant at full load (compared to 31% in the case 
of a combined-cycle unit). 

Consideration 2 : partial load versus minimum operation point 

The continuous operation at partial load of a power plant shown in the left figure of 
Figure 9 need not necessarily be the minimum operation point of a power plant.  It is 
more likely that the plant simply operates at partial load.  This depends on the 
demand level, the stored energy and the power of the storage unit.  Figure 10 shows 
some possibilities where, from left to right, the operating level of the marginal 
conventional unit is gradually altered.  One extreme, shown in the figures on the 
extreme left-hand side, is the situation where the unit operates at the minimum 
operating point.  In the other extreme, shown on the extreme right hand side, the 
plant already operates at full load.  In this last case, the optimal solution is the same 
as the sub-optimal one.   

The error made in the method with demand correction strongly varies with the 
partial-load level of the plant-type in question.  This is illustrated in Figure 11.  The 
error in primary-energy use is plotted per time interval ∆t and per full load output of 
the conventional unit PM.  As discussed in the previous Section 2.4.3.1, the error is 
the largest when the combined-cycle unit operates at the minimum operation point.  
Also, if the plants operate at full power (100% partial load level), the error is zero.  
For the efficiencies at partial load, the data from Mathieu et al. [81] are used. 
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PM

 
Figure 10 :  Difference between the sub-optimal solution and the optimal solution for storage 

optimisation for one plant operating at partial load 
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Figure 11 :  Relative error for the method with demand correction for storage optimisation for 

one single power plant operating at partial load 

Consideration 3 : one plant versus several units 

Up till now, it has been assumed that only one plant operates at partial load in the 
method with demand correction.  If several identical or comparable plants (with 
comparable operating characteristics) are available, it is preferable to spread the load 
reduction over all of them (this is also the case for simple optimisation without 
demand correction) as schematically drawn in Figure 12. 

The errors for these cases are plotted in Figure 13.  The partial-load level in abscissa 
is the partial load level in the case where only one plant operates at partial load (left 
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hand figure in Figure 12).  It is clear that the error decreases when more plants are 
operated at partial load. 

 

PM

 
Figure 12 :  Demand correction versus optimal solution for storage optimisation for several 

plants operating at partial load 
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Figure 13 :  Relative error for the method with first-order demand correction for storage 

optimisation for several plants operating at partial load 
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Compilation of considerations :   
Estimation of the order of magnitude of the total error 

In order to estimate the total error with respect to the overall electricity generation, 
several parameters need to be considered. 

The first parameter is the time ∆t in which the stored energy is released.  This period 
can vary from a couple of hours in case of pure peak shaving to the entire day in 
regions with a lot of hydro dams to support electricity generation. 

A second parameter is the power PM of the plant (or plants) that is (are) modulated.  
For this purpose a 300 MW unit is chosen.  Larger units (order of 1000 MW) are 
usually base-load units that are not used for modulation.  Smaller units (100 MW or 
less) are typically peak units that are also not employed for modulation of several 
hours. 

A third parameter is the share of the storage unit in the total electricity generation.  
This parameter determines the absolute error in primary-energy use with respect to 
the entire system. 

The last important parameter is the composition of the conventional power system.  
This is important for the absolute value of the primary-energy use to which the error 
is compared.  Here, as an example, a system is considered that generates equal 
shares of nuclear-power units with full-load efficiency of 35%, steam-cycle units with 
full-load efficiency of 40% and combined-cycle units with a full load efficiency of 
55%. 

Figure 14 shows the possible error made when using demand correction.  These 
errors are compared to the total primary-energy use in the entire system.  In 
abscissa, the share of the electricity generation of the storage unit in the entire 
electricity generation is shown.  The separate curves represent different levels of 
partial load (from minimum operation point to full load), the amount of plants used 
for modulation (from 1 to 4), the type of plants used for modulation (combined cycle 
or steam cycle) and the time period in which the storage unit is active (from 6 hours 
to 24 hours).  It is clear that some combinations are not possible.  For instance, a 
storage unit that is only active 6 hours per day cannot deliver 80% of electricity 
generation.  Therefore, some curves end at 60%, 40% or 20% share in the overall 
electricity generation.  Evidently, at 0% electricity generation from the storage 
facility, the error is zero.  At 100% penetration, the relative error is not defined.  
Since all power is generated with these storage units, the energy use of conventional 
units drops to zero, as does the absolute error on that energy use. 

The most unfavourable situations (higher curves in Figure 14) occur for storage units 
with a high daily use where only one plant is used for modulation.  The more 
favourable range (lower curves in Figure 14) mostly contains situations with more 
than two modulation units. 
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All situations plotted in Figure 14 are not equally relevant.  Modulation with only one 
unit is not advisable, especially when similar units already operate at full load.  The 
most unfavourable situations are therefore less probable.  Also, modulation with 
more than four units is not discussed.  Taking into account these two considerations, 
we can estimate an upper bound for the error by treating all 600 situations plotted in 
Figure 14 with an equal probability.  In that way, we certainly do not underestimate 
the impact of the most improbable cases.  Table 1 shows the results of this exercise.  
Apart from the average errors calculated from the situations plotted in Figure 14, 
also the number of occurrences satisfying the error criteria as indicated in Table 1 
are included.  This table clearly demonstrates that the error (which, as mentioned 
before, is an overestimation) made by using simple demand levelling is limited. 
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Figure 14 :  Total relative error for the power system's total primary-energy use when using 

demand correction as a function of the total share of the storage unit in the total power 
generation 
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share of storage unit 
in total electricity generation 20% 40% 60% 80% 

error > 1% 0 / 240 0 / 180 0 / 120 2 / 60 
1% ≥ error > 0.1% 17 / 240 26 / 180 35 / 120 25 / 60 

error ≤ 0.1% 223 / 240 154 / 180 85 / 120 33 / 60 
average error 0.03% 0.05% 0.08% 0.18% 

Table 1 :  Estimation of error made in primary-energy use when using demand correction;  
X occurrences / Y situations considered in that generation share 

2.4.4 Conclusions on first-order demand levelling for storage 
optimisation 

First-order demand levelling, which is an easy to use modelling technique, is 
compared to more economic optimisation schemes for the modelling of the operation 
of a power system using storage.  First-order demand levelling leads to a sub-optimal 
result, but the deviation to the optimal solutions is very small.  For the primary-
energy use, the error is estimated in the order of magnitude below 0.2%.  Therefore, 
the method is withheld. 

 

 

3. PLANNED OUTAGE 

3.1 Summary 
For the simulation of outage planning, three methods are compared: a reference 
outage planning, a random outage planning and an average outage planning.  The 
“best practice” would be to calculate the average of a large number of plausible but 
fully randomly-chosen outage schedules to obtain a statistical result.  Because this 
approach is not very practical, an appropriate so-called “average outage planning” 
strategy is conceived taking into account both the outage needs of every individual 
plant and the available margin (available power minus demand and reserve) for 
outages. 

This “average outage planning” was tested and found comparable to the average of 
10 000 random outage schedules. 

3.2 Introduction 
Planned outages are periods reserved for maintenance, repair or overhaul of power 
plants.  For an individual power plant, the outage requirement is expressed as a fixed 
period within a certain time interval (e.g. during 4 weeks every 2 years).  The 
planning of outages needs to respect the necessity of the power system to supply 
demand, including a reserve margin.  Therefore, large outages are preferentially 
planned in periods of low demand.   

Planned outages can have an important influence on the output of the power 
system.  Especially the instantaneous emission responsibility can dramatically change 
as a function of the outage planning (Voorspools and D'haeseleer [127]).  E.g. in a 
system mainly consisting of nuclear power plants and coal-fired power stations, 
outage of a large nuclear power station and substitution by coal-fired units 
significantly alters the emissions during that outage period. 

A problem with planned outages from an energy modelling point of view is that the 
outage planning is neither completely fixed, nor fully predictable.  Also, the outage 
planning on paper is hardly ever strictly pursued.  Repairs may be delayed or 
advanced for many reasons such as emergencies, accidents or unforeseen 
opportunities.   
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3.3 Methods for planned-outage modelling 
There are several possibilities for planned-outage modelling.  The boundary 
conditions for these models are, 1. that the power system always needs to be able to 
deliver demand and with a reasonable reserve margin and 2. that the periodic 
outage requirement of every individual power unit is met.  In practice, outage 
planning has been mostly based on experience and knowledge and follows simple 
rule of thumb criteria.  Outage-scheduling optimisation is in fact a combinatorial 
optimisation problem in which many more factors than the two stated above are to 
be taken into account (such as network switching, location issues, merging outage 
works, availability of workers).  For large systems, complete enumeration of this 
problem is difficult or even impossible (Kawahara et al. [65]).  An optimisation 
outage-work-planning tool goes beyond the scope of this research.  A complete 
outage-scheduling-optimisation methodology is described by 
Kawahara et al. [65][66].  Also economic optimisation of the outage schedule is not 
pursued.   

In this work, three methods for planned-outage modelling are discussed: a reference 
outage planning, a random outage planning and an average outage planning. 

3.3.1 Reference Outage Planning 

A first method uses a reference outage planning.  This reference planning may be 
based on historical data or may be estimated.  This method was used in the first 
PROMIX model (Keijers and D'haeseleer [67]).  An example of such a reference 
outage planning for Belgium (with a total installed capacity in the order of 15 GW) is 
shown in Figure 15. 
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Figure 15 :  Overall planned outages per week (Belgium, PROCREAS [110], 2005) 

3.3.1.1 Strengths 

The main strength of the reference outage schedule is its simplicity.  Once the 
reference planning is chosen, it can be used throughout further modelling. 
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Another advantage is that the comparative results of different scenarios are 
independent of the outage planning since it is identical in all cases. 

3.3.1.2 Weaknesses 

The main weakness of this method is that the influence of the outage planning itself 
on the absolute results is unclear.  Therefore, it may be unwise to draw 
unconditional conclusions from such simulations.  The choice of the reference outage 
planning may not have been objective. 

Another problem with the reference outage planning is that it needs to be adapted 
manually when plants are added or decommissioned.  Also, reserve planning 
depends on electricity demand.  Therefore, for every combination of plants and 
electricity demand, a separate reference planning needs to be constructed. 

3.3.2 Random Outage Planning 

It is possible to generate a randomly generated, but realistic outage planning 
meeting all boundary conditions.  This method is one of the possible outage 
strategies used in PROMIX98 (Voorspools and D'haeseleer [127]). 

3.3.2.1 Strengths 

The main strength of the random outage planning is that it best approximates the 
reality of a largely unpredictable outage planning.  Re-simulation of the same overall 
system scenario with every time a new random outage planning, will result in a 
statistical distribution of results with an average and a standard deviation.  This may 
come in handy to explore the limits, the relevance or relativity of one particular 
result. 

3.3.2.2 Weaknesses 

An important shortcoming of this method is that a particular simulation is not 
repeatable.  Every time, the absolute results will differ due to the difference in 
outage planning.  Only if every case is simulated many times, the average results 
become independent of the outage planning. 

Also the comparison of two different scenarios is obscured by the influence of the 
outage planning.  Again, the only way to filter out this influence is to perform a large 
number of simulations for both scenarios. 

3.3.3 Average Outage Planning 

Based on experience or on the statistical results obtained by a large number of 
random choices, it is possible to construct a so-called average outage planning.  This 
method is also an option in PROMIX98 (Voorspools and D'haeseleer [127][128]).  
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The WASP III model (IAEA [130]) and the model ENPEP (IAEA [64]), use an average 
outage planning using on a constant derated capacity for every unit. 

3.3.3.1 Strengths 

The strength of this method is that it uses a fixed but objective (average) output 
planning.  If the average output planning is accompanied by error bars, also the 
relativity of the results can be estimated. 

3.3.3.2 Weaknesses 

The problem with the average outage planning is that it needs to be calculated or 
estimated.  This problem occurs to a lesser extent when the derated power 
technique is used. 

3.3.4 Conclusion 

The most optimal solution for planned outages would be to use a randomly 
generated plausible scheme and to perform a large number of simulations in order to 
obtain a statistical result.  Since this is not a very practical approach (especially when 
many scenarios are to be simulated), an average outage planning strategy will now 
be investigated and compared to the statistical outcome of the random outage 
schemes. 

3.4 Search for an appropriate average outage 
planning 

In the search for an appropriate average outage-planning strategy, firstly a random 
outage generator will be developed.  A large number of random outage schedules 
will then enable to establish a statistic range for outage planning.  With this statistic 
result, an average planning will be developed. 

No economic optimisation is considered here in the outage planning.  In Appendix B, 
a theoretical economic optimisation is performed for a power system with only two 
types of power systems.  In that specific case, it is proven that economic 
optimisation is irrelevant and that the only requirements are set by the boundary 
conditions: demand has to be met at every time and the total outage requirements 
have to be respected. 

3.4.1 Test procedure preparation 

3.4.1.1 Power system 

The power system used in the outage planning is shown in Table 2.  This 
hypothetical system is based on a system with 5 nuclear-power plants, 10 
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combined-cycle gas-fired units, 10 steam-cycle coal-fired units, 10 steam-cycle 
gas-fired units and 10 peak-power plants.  The outage needs are expressed in a 
number of weeks per year.  The total outage requirement (sum of all the outage 
requirements listed in Table 2) is 46 GW-weeks1 per year. 

The results of the test procedure will evidently depend on the composition of the 
selected power system.  Therefore, the system of Table 2 is deliberately selected for 
its diversity.  A power system with mostly similar units is not interesting for outage 
planning tests.  Indeed, if a plant is in maintenance and a similar plant takes over its 
role, the outcome would be largely invariant. 
 

power plant unit power outage 

type # MW weeks/year 
1. nuclear 5 1000 4 
2. CC gas 10 300 4 
3. steam, coal 10 300 3 
4. steam, gas 10 200 2 
5. GT 10 100 1 

Table 2 :  Power system used in outage planning test procedure 

3.4.1.2 Power-generation requirement 

The power demand used for the outage-planning procedure is based on the shape of 
the Belgian electricity demand in 1997, scaled to a maximum of 12.7 GWh per hour.  
This demand profile is shown in Figure 16. 

For reserve planning and the resulting possibilities for outages, only the weekly 
maximum demand is relevant.  Here, it is assumed that a plant's outage always 
starts at the beginning of a week and ends at the end of a (not necessarily the 
same) week.  The weekly maximum demand is plotted in Figure 17. 

3.4.1.3 Outage possibilities 

Demand, including the minutes-reserve margin2, as well as the available power in the 
power system of Table 2 are all shown in Figure 18.  The difference between the 
capacity needed (demand plus reserve) and the power in the system leaves the 
maximum power available for outage, as shown in Figure 19.  Summation of the 
values in Figure 19 results in an overall outage possibility of about 103 GW-weeks 
per year.   

                                                     
1  E.g. for the nuclear power units :  5 units of 1 GW with each 4wks annual outage required 

results in 5*1GW*4wks/a=20GW-wks/a 
2  Minutes reserve (also called warm, spinning or secondary-control reserve) can be activated 

within 15 minutes to respond to local unbalances.  Minutes reserve is discussed in detail in 
Chapter 5. 
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Figure 16 :  Chronological demand pattern for power generation 
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Figure 17 :  Weekly maximum power demand for the profile of Figure 16 
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Figure 18 :  Power demand, reserve and available power in the power system, based on the 

profile of Figure 163 
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Figure 19 :  Maximum available power for outage planning, obtained by subtracting the 

“demand + reserve” from the “available power” in Figure 18 

                                                     
3  Note that, in Figure 18, the scale has been stretched compared to Figure 17 
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3.4.2 Random generator 

A random generator was developed to select outage possibilities.  The choice as to 
when a power plant is taken out of service is completely random, but respects the 
maximum available power for outages (Figure 19) and the annual outage needs for 
every plants (Table 2).  This method does not take into account further boundary 
conditions or optimisation criteria for the outage schedule. 

A set of 10 000 random outage possibilities was calculated of which 4 cases are 
shown in Figure 20.  All of these outage schedules satisfy the outage needs of all 
individual plants and respect the maximum available power for outages shown in 
Figure 19. 
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Figure 20 :  5 random outage schedules fitting in the maximum available outage planning of 

Figure 19 and satisfying the individual outage needs of all plants 
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3.4.3 Average outage schedule 

3.4.3.1 Assessment 

For the preparation of the calculated average outage schedule, as an introduction, an 
average is made of a large number of random outage schedules.  In fact, in total 
10 000 random schedules were calculated, resulting in the average outage schedule 
shown in Figure 21 (5 of these 10 000 random schedules are shown in Figure 20). 
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Figure 21 :  Average of 10 000 random outage schedules 

Based on this figure, the following conclusions are drawn. 

An average randomly planned outage is, in total, indeed inversely correlated to the 
electricity demand.  This means that planned outages preferentially takes place 
during periods of lower demand (in the case shown in Figure 21 this is the period 
round week 30). 

Short outage possibilities (such as the Christmas holidays, around week 50 in Figure 
19) are, on average, not fully used for outages (although Figure 20 shows that 
individual random schedules may nevertheless use these periods). 

3.4.3.2 Concept of the average outage planning 

According to the observations of the average of a large number of random outage 
schedules, a concept for the calculated average outage schedule is developed. 

Total calculated average outage planning 

Figure 20 and Figure 21 suggest that short and drastic changes in maximum outage 
possibilities (as observed in Figure 19) are not used.  Therefore, in calculating an 
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average outage planning, it is preferred to first level out the profile of the maximum 
allowed outages shown in Figure 19. 

To even out the peaked profile of Figure 19 for use as a maximum allowed overall 
outage profile, ”floating” properties are introduced.  The floating average, floating 
minimum and floating maximum of the profile in Figure 19 are calculated as, 
respectively, the average, minimum and maximum of the outage possibilities of a 
number of successive weeks ti.  The precise definitions of the floating average, 
floating minimum and floating maximum are given in, respectively, Eqs. (3.1), (3.2) 
and (3.3).   

 { }ii j t jFA average M∈=  (3.1) 

 { }ii j t jFm minimum M∈=  (3.2) 

 { }ii j t jFM max imum M∈=  (3.3) 

With FAi : floating average for week i  [MW] 
 Fmi : floating minimum for week i  [MW] 
 FMi : floating maximum for week i  [MW] 
 ti : interval around week i  [weeks] 
 Mj : maximum allowed outage in week j (see Figure 19)  [MW] 

These floating profiles FA, Fm and FM are scaled to match the total outage required 
for all plants in the system.  For the test system of Table 2, this total is 46 GW-weeks 
per year.  In order to minimise the difference between the scaled floating profile and 
the total average outage of the 10 000 random schedules, the size of the interval ti 
can be selected.  For all three floating schedules FA, Fm and FM, an optimal value for 
ti is calculated by minimising the sum of the squares of the differences with the 
average of the 10 000 random schedules.  For the system of Table 2, the optimal 
levels for ti can be calculated as 20 weeks for the floating average (ti equals 20 in 
Eq. (3.1)), 5 weeks for the floating minimum (ti equals 5 in Eq. (3.2)) and 24 weeks 
for the floating maximum (ti equals 24 in Eq. (3.3)). 

The resulting total average outage planning obtained by scaling each of these 
floating profiles is shown in Figure 22.  Also the average of the 10 000 random 
schedules is shown. 

Figure 22 shows that during weeks 48, 49 and 50, the outages obtained by the 
floating-average method and floating-maximum method exceed the maximum 
available power for outage planning as defined in Figure 19.  Therefore, these 
methods cannot be withheld which only leaves the outage schedule based on the 
scaled floating-minimum scheme.  Indeed, only the floating-minimum approach can, 
in theory guarantee that the outages never exceed the maximum available power for 
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outage planning, because it is based on the minima occurring in the maximum 
outage planning itself. 
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Figure 22 :  Comparison of the maximum available power for outage planning, the average of 

10 000 average outage schedules and three calculating methods based on the floating average, 
the floating minimum and the floating maximum of the maximum available power for outage 

Average outage planning per type of power plant 

The calculated average outage planning is proportionally distributed over the needs 
of the individual power plants.  Equation (3.4) is used (p stands for the power plants 
and i for the weeks). 

 
( )

= ⋅p
p,i i

p p

OUTAGE _REQUIRED
OUTAGE OUTAGE _REQUIRED

SUM OUTAGE _REQUIRED
 (3.4) 

The result of this proportional distribution is shown in Figure 23.  For comparison, 
also the average of the 10 000 random outage schedules of Figure 21 is repeated. 

Planned Outage 48  

0 10 20 30 40 50
0

1000

2000

3000

4000

10000 random averge

[ M
W

 ]

Max. outage
type__1    
type__2    
type__3    
type__4    
type__5    

0 10 20 30 40 50
0

1000

2000

3000

4000

scaled floating minimum averge

time  [w k]

 
Figure 23 :  Comparison of the average of 10 000 random outage schedules and the outage 

schedule based on the scaled floating minimum approach 

3.4.4 Conclusion; choice of outage-scheduling method 

A computed average outage planning will be adopted in the model.  This method has 
the advantages that it is repeatable, objective and indifferent to the exact 
composition of the power system. 

The method designed is based on outage scheduling according to the floating 
minimum of the maximum available power for outages.  This method leads to an 
outage schedule comparable to the average of 10 000 randomly chosen plausible 
outage schedules. 

 



 

4. RELIABILITY OF POWER STATIONS 

4.1 Summary 
Consideration of the possible forced outage of individual power stations leads to a 
large number of possible states of the power generating system, all with their own 
probability.  It is possible to design a statistical method to properly take into account 
all of these possibilities and to weigh them accordingly.  In broader energy models, 
instead of these statistical techniques mostly simplified approximative static methods 
are applied.   

In this chapter, two approaches are compared: a complete statistical approach taking 
into account the stochastic nature of reliability and a method based on the derated 
power (which is the rated power multiplied by the average availability) of the 
individual plants.  For a set of identical power units, it is demonstrated that derated 
power may be used instead of the complete statistical approach.  The error made is 
very small and the correlation between the unserved load probability functions 
obtained by both methods is excellent. 

4.2 Introduction 
The reliability of power plants is a stochastic property in electricity generation.  In 
theory, a statistical approach is required to adequately weigh all possible states of 
the power system.  In practice, more pragmatic methods, mostly based on 
experience or safe (conservative) estimates, are often used. 

In the literature, advanced reliability issues are mostly tackled by using theoretical 
probabilistic methods (e.g. Wood and Wollenberg [136], Billinton and Allan [8] and 
Fockens [41]).  In broader energy models, in which reliability calculation is not the 
main objective, it is sufficient to simulate the reliability approximately and statically 
(e.g. MARKAL [40], WASP III and ENPEP [64] and PROMIX [128]).  The validity of 
these approximations is hardly ever verified.  In fact, in all of the models mentioned 
above, these approximations are simply applied without any form of validation. 

The contribution of this chapter is the verification of the validity of such static 
simplifications.  Two methods for the evaluation of the reliability of a 
power-generating system are confronted with each other: the complete statistical 
approach and the static method based on the derated power of the available power 
plants.  The derated power equally distributes the unreliability of the power plant 
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over a large time period by multiplying the rated power of the plant with its overall 
reliability. 

Direct applications of reliability modelling are found in the composition of 
outage-probability tables which can be used for power-system dimensioning and 
expansion planning in order to obtain a system with acceptable reliability for a given 
or uncertain demand. 

This chapter focuses on the reliability level of a given power system, not on the 
interpretation of the reliability levels, the actions to be taken or the resulting 
reserve-planning approach.  For those issues, we refer to the work of, and the 
references cited in, Billinton and Allan [8], Garver [44] and, more recently, 
Fockens [41].  Nowadays, in the context of the liberalisation of the electricity market 
in Europe and the emergence of spot markets, reliability is also an important issue in 
the determination of the value of lost load (Willis and Garrod [135]). 

4.3 Conventions and definitions 
Call P0(X) the probability that power demand is X or more.  A schematic 
representation of P0(X) is depicted in Figure 24.  Transposition of this graph provides 
a scaled version of the more commonly used load-duration curve of Figure 25 in 
which all values of the electricity demand are arranged in descending order. 

When a first power plant is activated, the rest of the system has to supply the 
remainder of the demand.  The probability that these remaining plants need to 
deliver power X or more is called P1(X).  When n power plants have already been 
activated, the probability that the remaining plants need to deliver power X or more 
is called Pn(X). 

The rated output of a power plant is called C.  The probability that this plant is 
available is called α.  All plants are considered to be binary or two-state units.  This 
means that a unit can exist in either a down state where no power can be generated 
or in an up state in which full load is available. 

4.4 Two methods:  
derated power and statistical approach 

For simplicity, the different methods are explained by means of a simple linear 
probability function P0(X) shown in Figure 26.  Later on, for the actual verification of 
the validity of the simplified approach, we switch back to the actual shape of P0(X). 
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Figure 24 :  Probability P0(X) that annual power demand is at least X 
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Figure 25 :  Load-duration curve (proportional to P0
T with P0 as defined in Figure 24) 
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Figure 26 :  Simplified first order version of P0(X) from Figure 24 

4.4.1 Derated power 

4.4.1.1 Method 

In broader power-generation models or energy-simulation models, such as PROMIX 
(Voorspools and D'haeseleer [128]), MARKAL (Fishbone et al. [40]) and ENPEP 
(Jusko et al. [64]), the reliability issue is often approached by taking into account 
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derated power.  In this method, plants are considered to be partially available.  For a 
plant with rated power C and reliability α (defined as the fraction of time the plant is 
expected to be available for power generation), a derated power α.C is considered to 
be constantly available.  In the model ENPEP (Jusko et al. [64]), the scheduled 
maintenance is also included in the derated capacity.  This is not done here because, 
in practice, maintenance of large units is typically planned during periods of low 
electricity demand and is not constant throughout the year (Chapter 3: Planned 
Outage). 

If, at a certain point in time with power demand X, one plant with power C1 is 
activated, the remaining power stations therefore still need to deliver  X - α1.C1.  
Hence, P1d(X) (the index d stands for “derated”) can simply be expressed as 

 P1d(X)  =  P0(X+α1.C1) (4.1) 

The graph of P1d(X) is shown in Figure 27 together with P0(X). 
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Figure 27 :  P0(X) and P1d(X) with the derated approach (P0(X) and P1d(X) stand for the 

probability that the remaining power demand is X or more after, respectively, zero and one 
plants have already been activated) 

When n power plants are activated, Pnd(X) can be written as: 

 Pnd(X)  =  P0(X+α1.C1+α2.C2+α3.C3+…+αn.Cn) (4.2) 

4.4.1.2 Advantages and disadvantages 

The key to the success of this method is its simplicity.  Instead of taking into account 
the stochastic reality of failing and available power units, it is sufficient to use the 
derated power of every plant.  The calculation of this derated power is simple and 
static (it only needs to be done once). 

A first disadvantage of this method is that it does not correspond to reality.  Indeed, 
in reality, a power plant is either fully available (possible output C) or it is down 
(output zero); rather than being partly available at derated power. 

A second drawback is that the intrinsically stochastic nature of the reliability of power 
plants is lost by using the derated power.  The probability that a power plant is 
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unavailable and the impact of that failure on the use of the rest of the system is not 
accounted for in the derated-power approach. 

4.4.2 Statistical approach 

4.4.2.1 Method 

The statistical method considers every possible state of all power plants and weighs 
these possibilities according to their probability.  Individual power plants are 
assumed to be two-state units; either the plant is down or fully available.  This 
method is described by Wood and Wollenberg [136] as the unserved load method. 

If the first plant is available (power C1), the rest of the plants still need to deliver 
power  X - C1 .  The conditional probability function P1 can be written as 

 P1(X) | C1  =  P0(X+C1) (4.3) 

This option is shown in the top left figure of Figure 28 and has a probability α. 

If plant 1 is unavailable1, the rest of the system still needs to deliver the original 
demand X.  This conditional probability function is 

 P1(X) | ~C1  =  P0(X) (4.4) 

This condition is shown in the top right figure of Figure 28 and has a 
probability (1-α). 

The final probability function P1(X) is no more than the weighted average of both 
possibilities 

 P1(X)  =  α1.( P1(X) | C1 ) + (1-α1).( P1(X) | ~C1 ) (4.5) 

or 

 P1(X)  =  α1.P0(X+C1) + (1-α1).P0(X) (4.6) 

P1(X) is shown in the bottom figure of Figure 28. 

For n plants, Pn(X) can be written as follows 

 Pn(X)  =  αn.Pn-1(X+Cn) + (1-αn).Pn-1(X) (4.7) 

                                                     
1  In Eq. (4.4), the symbol “~” is used to denote that the power plant in question fails. 



55 Chapter 4 

Xmax-C1

P0(X)

P1(X) | C1

C1
P0(X) = P1(X) | ~C1

x α x (1-α)

Σ

P0(X)

P1(X)

Power X

P(X)

100%

Xmax Xmax

Xmax

 
Figure 28 :  P0(X) en P1(X) in the probabilistic approach (P0(X) and P1(X) stand for the 

probability that the remaining power demand is X or more after, respectively, zero and one 
plants have already been activated) 

4.4.2.2 Non-iterative formulation for Pn(X) 

The unserved-load method from Wood and Wollenberg [136] results in the iterative 
formulation of Eq. (4.7).  This chapter goes one step further by achieving a non-
iterative formulation for Pn(X), only based on P0(X), n, α en C (here we only look at a 
special case where all plants are identical).  This non-iterative formulation is 
convenient to later on compare Pnd(X) from the derated-power approach to Pn(X) 
from the statistical approach. 

The following sequence indicates a certain logic for a more general definition of the 
functions Pn(X): 

 P0(X)  (4.8) 

 P1(X) = α.P0(X+C) + (1-α).P0(X) (4.9) 
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 P2(X) = α.P1(X+C) + (1-α).P1(X)  
  = α.[ α.P0(X+2C) + (1-α).P0(X+C) ] 
    +  (1-α).[ α.P0(X+C) + (1-α).P0(X) ] 
  = α2.P0(X+2C) + 2α(1-α).P0(X+C) + (1-α)2.P0(X) (4.10) 

 P3(X) = α.P2(X+C) + (1-α).P2(X) 
  = α.[ α2.P0(X+3C) + 2α(1-α).P0(X+2C) + (1-α)2.P0(X+C) ]   
    +  (1-α).[ α2.P0(X+2C) + 2α(1-α).P0(X+C) + (1-α)2.P0(X) ] 
  = α3.P0(X+3C) + 3α2(1-α).P0(X+2C) + 3α(1-α)2.P0(X+C)  + (1-α)3.P0(X) 
   (4.11) 

Let multiplication in P0 be defined as follows 

 P0(X+aC).P0(X+bC)  =  P0(X+(a+b)C) (4.12) 

Consequently 

 [P0(X+C)]m  =  P0(X+mC) (4.13) 

 P0(X).P0(X+C)  =  P0(X+C) (4.14) 

 [P0(X)]m  =  P0(X)     (or P0(X) is neutral element for multiplication) (4.15) 

The tendency noted above (Eqs. (4.8) though (4.11)) can, with the definition of 
multiplication in P0, be generalised as 

 Pn(X)  =  [ α.P0(X+C) + (1-α).P0(X) ]n (4.16) 

or 

 Pn(X)  =  [P1(X)]n (4.17) 

if [P1(X)]0 equals P0(X), which is the case since P0(X) is the neutral element for 
multiplication. 

This tendency is fully proven in Appendix C. 

4.4.2.3 Advantages and disadvantages 

The main advantage of the statistical method is that it is complete.  All possible 
situations are properly taken into account. 

A practical disadvantage of the method is that its manageability is limited in energy 
modelling.  Especially the convergence seems to be a problem for larger systems.  
Figure 28 already reveals that P1(X) is larger than zero for all values X<Xmax since 
P1(X) crosses the abscissa axis at the point (Xmax,0).  It can be shown that this is also 
the case for Pn(X) for all possible values of n.  Pn(X)>0 for all X<Xmax practically 
means that there is a non-trivial possibility that the remaining units (with n units 
already considered) still need to deliver power X (or, to put it even more bluntly, 
there is a possibility that all plants fail simultaneously).  So, even if n equals the size 
of the power system, there still is a possibility (although with a very small 
probability) that remaining units are required even when there are none.  This 
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possibility leads to system failure.  Since the statistical model takes into account all 
possibilities, including the ones leading to failure, execution of the power generation 
model will lead to an error and the operator of the model needs to intervene 
(possibly by subjectively disregarding possibilities with very low probability). 

4.5 Comparison of the statistical approach and the 
derated power approach for reliability modelling 

The approaches based on derated power and stochastic consideration are very 
different.  Comparison of P1d(X) and P1(X) (Figure 27 and Figure 28) clearly 
demonstrates this difference. 

An actual power system consists of a large number of power stations.  Therefore, the 
comparison of P1d(X) and P1(X) is merely an academic exercise.  Comparison of 
Pnd(X) en Pn(X)2, for n relatively large (50 to 100 or more), on the other hand, is 
much more useful.   

For simplicity, a power system is assumed to consist of identical power units 
(power C and reliability α).   

For this simple case, mathematical implementation is relatively easy.  The previously 
found Eqs. (4.2) and (4.16) can then be used: 

Pnd(X)  =  P0(X+n.α.C) 

Pn(X)  =  [ α.P0(X+C) + (1-α).P0(X) ]n 

For power systems composed of different power stations, the comparison becomes 
much more complicated.  The non-iterative formulation of Pn is no longer valid and 
also the activation order of the power units comes into play. 

4.5.1 Comparison of functions Pn(X), using the statistical 
approach, and Pnd(X), using the derated-power approach for 
reliability modelling 

The expressions for Pn(X) and Pnd(X) can easily be programmed in order to be 
compared. 

For the practical comparison of Pn(X) and Pnd(X), a situation is looked at where the 
maximum power demand is 10 000 MW.  The available system consists of 32 
identical units able to deliver 350 MW each with a reliability of 91% (this is more or 
less an average for the Belgian power system).  A realistic shape for the probability 
function P0 (as shown in the introduction in Figure 24) is tested. 

                                                     
2  Remember that Pn(X) is the probability that the remaining demand is X or more after n 

units have already been considered. 
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Figure 29 shows a plot of P0, P3, P3d, P10, P10d, P17, P17d, P24 and P24d for a realistic 
demand profile.  The functions Pn from the statistical approach are plotted in solid 
lines, the derated-power functions Pnd are plotted in dashed lines. 

Figure 29 demonstrates that the differences between Pn and Pnd are negligible.  A 
minor difference is that all curves Pn cross the abscissa at the point (Xmax,0) (as 
demonstrated in Figure 28) where the functions Pnd do not (as shown in Figure 27).  
This difference, however, appears to be small: it cannot be distinguished in the 
representation of Figure 29. 

The correlation coefficient between Pn and Pnd is 1.00 for n smaller than 27 (which 
corresponds to 85% of the plants in the system).  For a very high number of plants 
considered, the correlation coefficient drops.  For instance, for 31 plants (all but 
one), the correlation coefficient is 0.65.  Note that these results are less relevant 
because of the very low probabilities P31 and P31d of remaining unsupplied demand; 
namely 0 to 0.6%.  This means that in these cases, the error made by using Pnd is 
relatively large, but that the absolute error remains very small due to the improbable 
nature of these occurrences. 

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
0

0.2

0.4

0.6

0.8

1

pow er  [MW]

pr
ob

ab
ilit

y 
( r

em
ai

ni
ng

 d
em

an
d 

> 
po

w
er

 )

P
0

P
3

P
10

P
17

P
24

P0  
Pn  
Pnd

 
Figure 29 :  P0, P3, P3d, P10, P10d, P17, P17d, P24 and P24d for a realistic probability function P0 

4.5.2 Complete system 

When all plants are considered (in this section we don’t bother with the intermediate 
results Pn with n smaller than the total number of plants), the results of the statistical 
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approach and the derated power method can also be compared.  It is clear that the 
possible output of the derated power system equals n.α.C.  In the statistical 
approach, several availability levels are possible, all with their own probability.  These 
levels, as well as the result of the derated power approach are shown in Figure 30.  
It can be shown that the derated power level exactly equals the weighted average of 
the stochastic possibilities.   
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Figure 30 :  Possible output levels of the power system.  Statistical approach versus derated 

power method 

In fact, the output of the statistical method exactly fits the binomial distribution 
around the outcome of the derated power approach. 

4.5.3 Conclusions 

For a power system composed of identical units, derated power (rated power 
multiplied by the reliability of the plant) may be used in power generation modelling.  
The error made compared to statistical methods (in which the stochastic nature of 
reliability is taken into account) is negligible.  The correlation between the unserved 
load probability functions obtained by both methods is excellent. 

 

 

5. MINUTES-RESERVE PLANNING 

5.1 Summary 
Although deterministic methods for establishing minutes reserve (such as the 
largest-unit or largest-component reserve, the N-1 reserve or the percentage 
reserve) ignore the stochastic nature of reliability issues, they are commonly used in 
energy modelling as well as in practical applications.   

In order to check the validity of such methods, two test procedures are developed.  
The loss-of-load expectation is used as objective stochastic criterion.   

The first test checks if the largest unit is a logical fixed value for minutes reserve.  
This test shows no particular reason to choose the largest unit as reserve margin.  
The expected jump or step in reliability, resulting in low reliability for reserve margins 
lower than the largest unit and high reliability above, is not observed.   

The second test procedure reveals that neither the largest-unit reserve nor the 
percentage reserve methods provide a reliability level that is independent of power 
demand.  For the largest-unit reserve method, reliability increases with decreasing 
maximum demand.  For the percentage reserve method, reliability decreases with 
decreasing demand.  As a pragmatic compromise, both methods are combined 
resulting in a more stable reliability. 

5.2 Introduction, history of reserve planning 
Issues concerning generation reliability and power-system-expansion planning are 
not new.  Billinton and Allan [8] note 1933 as the year in which the interest in the 
application of probability methods for capacity requirements became evident.  Since 
then, many techniques have been developed from loss-of-load methods to simulation 
and recursive techniques and models using game theory.  Garver [44] also includes 
load uncertainties.  An elaborate list of publications on this subject goes far beyond 
the scope of this work (Billinton and Allan [8], in the year 1978, already counted 160 
individual references).  Therefore, we refer to Billinton [9] and the IEEE 
Subcommittee on the Application of Probability Methods [61]. 

More recent work on reserve planning (e.g. Wen and David [133], Tseng et al. [112], 
Hirst and Kirby [53][54], Billinton and Fotuhi-Firuzabad [10], Lekane, Gheuri and 
Van Hecke [76], Fink [39]) focuses more on the market aspects.  These papers add 
little or nothing to the reserve concepts of the earlier work, but mainly introduce 
issues such as the competitive value of the different types of reserve or include 
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welfare considerations.  Reserve-planning modelling itself is still based on the same 
deterministic or probabilistic techniques as in the earlier papers.  One might conclude 
that the reserve concepts have not altered, but that an economical market dimension 
has been added.  Also, more attention is paid to whom is responsible and who has to 
pay for such system services.  In the UCTE rules (UCTE [114]), the TSO’s are 
responsible for the operation of system reserves. 

5.3 Definition of terminology 
To determine the minimal required installed power, reliability criteria can be used.  
Some commonly used reliability indices are listed below. 

A first category is the LOL, or Loss-Of-Load, group.  They are capacity1 or power 
based. 

• LOLE (Loss-Of-Load Expectation or Expectancy) :  expected period during 
which the system load exceeds the available generating capacity [41] 

• LOLF (Loss-Of-Load Frequency) :  expected number of times that a situation 
of capacity deficiency occurs [41] 

• LOLP (Loss-Of-Load Probability) :  probability that load exceeds the available 
generating capacity in a given time period [44]. 

A second category of indices includes energy information. 

• EUE (Expected Unserved Energy) :  expected amount of energy not supplied 
by the generating system; also called LOEE (Loss Of Energy Expectation) or 
EENS (Expected Energy Not Supplied) [41]  

• EIU (Energy Index of Unreliability) :  ratio between EUE and the total energy 
demand [41] 

5.4 Different types of reserve and hypotheses for the 
simulation model 

5.4.1 Reserve 

5.4.1.1 Different concepts of “reserve” in power generation 

A first concept of reserve is used in capacity expansion.  In that context, long-term 
reserve is used, where all available power not yet called upon is considered; 

                                                     
1  “Capacity”, “installed capacity” and “installed power” are used as synonyms. 
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committed2 or not.  This type of reserve is illustrated in Figure 31.  Typical values for 
the LOLE of 2 to 3 hours (according to EREC [23]) or even to 8 hours (following the 
Department of Public Enterprise Ireland [22]) per year are accepted in this concept 
of reserve.  Note that the actual power delivery will not necessarily fail during 2, 3 or 
8 hours per year.  It merely suggest that without additional action (such as 
emergency import or interruptible load) the power system is expected to fail meeting 
the demand. 

The concept of reserve as used in the context of this chapter, however, is short-term 
reserve3.  Planned or forced outages and units not committed are not considered as 
reserve.  That short-term concept of reserve is illustrated in Figure 32. 
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Figure 31 :  Long-term reserve concept used in capacity-expansion strategies 
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Figure 32 :  Short-term reserve concept used in power-system utilisation 

                                                     
2  Unit commitment is a term that refers to the decision process on which units are online at 

every time.  Unit commitment is discussed in detail in Chapter 6. 
3  Chapter 3 on outage planning also uses this short-term interpretation of reserve. 
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Other concepts used in reserve planning are scheduled reserve and off-line reserves 
(Wood and Wollenberg [136]).  These include quick-start units (such as gas turbines 
or diesel engines) as well as hydro units or pumped-storage hydro units.  When a 
pumped-storage unit is in the pumping mode (when the reservoir is being filled up), 
its minutes reserve4 is equal to the pumping load (Pang and Chen [91]) by stopping 
the pumps.  When the reservoir is filled with water, an additional short-term reserve 
can be obtained by reversing to the turbine mode.  In our reserve model, these 
scheduled reserves will be included in the minutes reserve (Section 5.4.1.1). 

In reality, the geographical location of minutes reserve may be important.  Indeed, if 
a plant fails, minutes reserve needs to replace that plant respecting the transmission 
capabilities of the system (Pang and Chen [91]).  Similar considerations can be made 
for a drastic and unpredicted local demand increase.  However, since a zone will be 
represented by single point in our model, this location is not relevant from a 
modelling point of view. 

The so-called system-service reserves, as described by UCTE [114], are intended to 
compensate for all possible differences in the power balance between the expected 
situation under normal conditions and the actual situation.  These reserves are 
necessary because the maximum load may exceed the expected load or because part 
of the generating capacity is lower than expected.  UCTE [114] makes a distinction 
between seconds reserve (also called primary-control reserve), minutes reserve (also 
called warm reserve, spinning reserve or secondary-control reserve) and hours 
reserve (also called cold reserve or stand-by reserve).   

UCTE [114][117] uses the following operating principles in reserve considerations.  
From now on, in this text, the UCTE designations seconds reserve, minutes reserve 
and hours reserve will be used. 

Seconds reserve is intended for frequency control in the interconnected context.  A 
condition where the frequency is 50Hz±50mHz is considered as normal.  As soon as 
the frequency drops below this window, injection of active power is needed.  Only 
plants with automatic speed control that allows them to intervene rapidly can 
contribute to seconds reserve.  Seconds reserve is partly provided by all TSO’s in an 
interconnected system.  UCTE recommends a seconds-reserve margin of about 2.5% 
of the total generating capacity (CPTE [17]).  In this interconnected context, 
Belgium, for instance, has presently a seconds reserve of 110 MW (personal 
communication with Philippe Halain and Sergio Sponchiado, ELIA, 09-09-2003).  The 
TSO operates, and is responsible for, seconds reserve (UCTE [114] and Belgisch 
Staatsblad [2]). 

                                                     
4  Minutes reserve (also called warm, spinning or secondary-control reserve) can be activated 

within 15 minutes to respond to local unbalances.  Minutes reserve and other types of 
reserve are fully defined later on in this chapter. 
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Minutes reserve can be provided by storage units, pumped-storage units, gas 
turbines, turbojets or by thermal power stations operating at partial load.  The 
minutes reserve is intended to take over from the seconds reserve within 15 minutes.  
It will be activated in the control zone where the unbalance occurs.  The TSO 
operates and is responsible for minutes reserve (UCTE [114] and Belgisch 
Staatsblad [2]). 

Hours reserve is available in thermal units which have to be started for this purpose.  
This hours reserve can be employed to restore normal operation in the sense that, 
again, seconds-reserve and minutes-reserve requirements can be met.  Hours 
reserve is the responsibility of the power-plant operators (UCTE [114]). 

The acceptance of, and compliance with, these UCTE recommendations and 
operating rules, is a voluntary consensus agreement between the different parties.  
Notwithstanding the profound structural changes in the electricity sector, UCTE 
members are of the view that most of these principles are still relevant.  However, 
they have no contractual value.  The only legally binding instruments are the national 
grid codes and legislation (which are mostly based on the UCTE recommendations). 

In January and July 2003, the UCTE system-service reserves were estimated to be 
8.8% and 9.7%, respectively, of the load on the third Wednesday (UCTE [116]). 

5.4.1.2 Relevance in the proposed power-generation model 

The different reserves can be interpreted as follows.  The seconds reserve is needed 
to immediately respond to an incident.  Every interconnected party helps out on this 
one.  The minutes reserve allows the zone in which the incident occurred to make up 
for its own lack of generating capacity.  This minutes reserve is provided by 
intervention within the control zone and also restores the seconds reserve.  The 
hours reserve is used to restore normal operation. 

As will now be explained, the power-generation model envisaged in this study, only 
needs to take into account the minutes reserve. 

The seconds reserve is not explicitly taken into account in the model since it is a 
characteristic of individual power plants.  Seconds reserve consists of power units 
rapidly able to deliver slightly higher (or lower) power output.  This is not stipulated 
in the plant characteristics used in the model.  In the model, the seconds reserve is 
indirectly relevant for two aspects:  

1. for the determination of the net-transfer capacity (NTC) whereby the 
reservation of transmission capacity for this type of reserve also needs to be 
taken into account and 

2. for the expansion of the power system in which enough units need to be 
foreseen that are able to provide the seconds reserve as stipulated by the 
UCTE. 
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The hours reserve is not directly relevant in the model either.  The hours reserve is 
already accounted for in the unit-commitment problem where the number of plants is 
determined that needs to be activated and the number of plants that are allowed to 
remain inactive.  These inactive units (partly) constitute the hours reserve.  
CPTE [17] even calls this type of reserve economical dispatching. 

5.4.2 Types of power plants 

5.4.2.1 Conventional units 

All conventional5 units are considered to be binary or two-state units.  This means 
that a unit can exist in either a down state, in which no power can be generated, or 
in an up state, in which the full load swing is available. 

The repair time is included in the overall availability of a power plant.  E.g. if a plant 
is expected to fail once in 100 h with an average repair time of 7 h, the availability of 
the plant is modelled as 93%. 

5.4.2.2 Intermittent sources 

The average availability of generating units depending on intermittent sources6 (e.g. 
wind and sun) is defined as the fraction of time the unit would have to be online at 
maximum power to generate the total energy output (also defined as the capacity 
factor in Chapter 1).  E.g. a 1 MW offshore wind turbine generating 3000 MWh/a has 
an availability of 34% since it would need to operate 3000 h/a (or a fraction 
3000h/8760h=34% of the time) at rated power to generate 3000 MWh.  For reserve 
planning, the availabilities of such units are considered as binary units.   

5.5 A detailed look for model implementation of 
minutes reserve 

Minutes-reserve planning can be considered within one control zone.  Also, the UCTE 
principles (UCTE [117]) stipulate that every control zone needs to provide its own 
minutes reserve.  A TSO may choose to deviate from this stipulation by cross-border 
agreements for shared minutes reserve.  Recall that a control zone is controlled by 
one TSO, but may contain a variety of generating plants belonging to several 
operators.  Appendix D treats reserve considerations in an interconnected context, 
taking into account transmission. 

In practice, two sets of methods are used for modelling minutes-reserve planning.   

                                                     
5  “Conventional” power units are centrally dispatchable power units without storage 

possibilities. 

Minutes-Reserve Planning 66  

A first group consists of deterministic or rule-of-thumb criteria.  Examples of 
deterministic methods are the largest-unit reserve, where the minutes reserve is 
chosen equal to the power of the largest unit in use, and the percentage-reserve 
margin, in which the minutes reserve is set by a fixed percentage of the expected 
load. 

A second group consists of methods in which probabilistic techniques are used.  Such 
methods typically use indices such as the LOLE or EUE.  According to 
Fockens [41][122], LOLE is often used in practice (e.g. for generating companies’ 
capacity-expansion decisions) since it is conceptually simple to calculate.  Both the 
EUE and the EIU provide more information than the LOLE, but require more 
computational effort. 

Strictly speaking, the deterministic or rule-of-thumb criteria for minutes-reserve 
planning are not quite consistent, reliable and objective (Billinton and Allan [8]).  As 
will be demonstrated below, however, it will nevertheless be possible for our 
purposes to use those deterministic methods.  The simulation model envisaged in our 
work has a broader scope than a local minutes-reserve planning tool.  
Minutes-reserve requirements need only be implemented in the model to obtain 
realistic results and operation criteria, but there is no need for extreme accuracy.  A 
pragmatic compromise, in which the role of minutes-reserve planning in the overall 
model is respected, is therefore appropriate.  It is also noted that the commonly 
used model ENPEP [64] (or better the ICARUS module of ENPEP) uses a combination 
of three rule-of-thumb criteria for minutes-reserve requirement: largest-unit reserve, 
percentage reserve and constant reserve.  These three criteria can be combined by 
user definable weighing factors.   

5.5.1 Deterministic methods for modelling minutes reserve 

Two deterministic methods are commonly used in minutes-reserve modelling: the 
largest-unit reserve and the percentage-reserve margin.   

The idea of the largest-unit reserve is that enough reserve is provided to compensate 
failure of the largest unit running at rated power.  A comparable method is the fixed 
reserve in which a constant reserve capacity is chosen.  The so-called N-1 reserve is 
an extension of the largest-unit reserve whereby also the possible failures of, e.g. a 
transmission  line or a power transformer can be accounted for. 

In the percentage-reserve margin method, a fixed percentage of the power demand 
is set as reserve margin. 

                                                                                                                          
6  See Chapter 1 for an overview of aspects in modelling power generation based on 

intermittent sources. 
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5.5.1.1 Test-procedure outline 

The accuracy of the deterministic methods is tested by means of their LOLE.  For this 
test procedure, the following power system and power demand are used. 

Test power system 

The power system used in these tests is shown in Table 37.  The availability factor 
represents the fraction of time the plant is available when committed.   

For the commitment of these plants according to electricity demand, a simple 
common-sense method is used in this testing procedure.  Plants are committed daily 
according to the maximum daily load including the considered reserve margin.  For a 
more detailed discussion of unit-commitment planning, see Chapter 6.   
 

power plant unit power availability factor 

type # MW % 
1. nuclear 5 1000 91 
2. CC gas 10 300 90 

3. coal 10 300 94 
4. gas 10 200 92 
5. peak 10 100 89 

Table 3 :  Power system used in reserve planning test procedure 

Test power demand 

The power demand for four typical test-days is shown in Figure 33.  These patterns 
are based on a typical shape of the Belgian demand, each day starting at 06.00h in 
the morning.  One can distinguish a weekday and a Sunday in the winter and a 
weekday and a Sunday during the summer holidays.   

                                                     
7  This test power system is, actually, the same as the one used earlier in the test for outage 

planning in Chapter 3. 
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Figure 33 :  Demand patterns for reserve-planning test procedure 

Capacity-outage tables 

Loss-of-load approaches are mostly based on the capacity-outage table, in which 
information is gathered on the probability of capacity being out of service.   

For the test procedure discussed here, a separate capacity-outage table is composed 
for each individual test, consisting of one day each (day 1 to day 4) and the method 
used (largest-unit reserve or percentage-reserve). 

As an example, the capacity-outage table for day 1 with a largest-unit reserve (here 
1000 MW) is discussed in detail.  The capacity-outage table is composed according to 
a recursive technique (Billinton and Allan [8]).   

The initial capacity-outage table (Table 4 or Figure 34) consists of one 1000 MW unit.  
In fact, such an initial capacity-outage table can be written for each individual power 
plant. 
 

capacity  
out of service probability cumulative 

probability 
0 MW 0.91 1.00 

1000 MW 0.09 0.09 

Table 4 :  Initial capacity-outage table for one power plant of 1000 MW with a reliability of 0.91 
(the cumulative probability is read from bottom to top) 
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outage  [MW]
(capacity out of service)

outage
probability

0 1000 

0.09 

0.91 

 
Figure 34 :  Individual capacity-outage figure; same plant as Table 4 

In a second step, a second plant (again 1000 MW) is added (mathematically this is a 
convolution of the two capacity-outage tables), resulting in the level 2 capacity-
outage table shown in Table 5 and Figure 35. 
 

capacity  
out of service probability cumulative 

probability 
 0+0 = 0MW  (0.91)(0.91) = 0.8281 1.0000 

 0+1000 = 1000MW  (0.91)(0.09) 
 +(0.09)(0.91) = 0.1638 0.1719 

 1000+1000 = 2000MW  (0.09)(0.09) = 0.0081 0.0081 

Table 5 :  Level 2 capacity-outage table for two power plants of 1000 MW, each with a 
reliability of 0.91 

0 1000 

0.0081 

0.1638 

0.8218 

2000 

outage
probability

outage  [MW]
(capacity out of service)  

Figure 35 :  Level 2 capacity-outage figure; same plants as Table 5 

Likewise, the level 3 capacity-outage table, shown in Table 6 and Figure 36, is 
composed by adding the third unit. 

This procedure is repeated for all 42 plants committed, resulting in the final capacity-
outage table.  In total, this table contains 138 capacity-outage levels.  Only the first  
levels are shown in detail in Table 7.  At this stage, the demand of day 1 is only used 
to determine how many plants need to be committed.  The information of this 
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capacity-outage table is shown graphically in Figure 37.  The power in abscissa of 
Figure 37 is the outage or power out of service. 
 

capacity  
out of service probability cumulative 

probability 
 0+0 = 0MW  (0.8281)(0.91) = 0.7536 1.0000 

 0+1000 = 1000MW  (0.8281)(0.09) 
 +(0.1638)(0.91) = 0.2236 0.2464 

 1000+1000  
 0+2000 = 2000MW 

 (0.1638)(0.09) 
 +(0.0081)(0.91) = 0.0221 0.0228 

 2000+1000 = 3000MW  (0.0081)(0.09) = 0.0007 0.0007 

Table 6 :  Level 3 capacity-outage table for three power plants of 1000 MW, each with a 
reliability of 0.91 

0 1000 

0.0221

0.2236

0.7356

2000 

0.0007

3000 

outage
probability

outage  [MW]
(capacity out of service)  

Figure 36 :  Level 3 capacity-outage figure; same plants as Table 6 

 

capacity  
out of service probability cumulative 

probability 
0.00 GW 0.0225 1.00 
0.10 GW 0.0195 0.98 
0.20 GW 0.0268 0.96 
0.30 GW 0.0578 0.93 
0.40 GW 0.0482 0.87 
0.50 GW 0.0548 0.83 
0.60 GW 0.0692 0.77 
0.70 GW 0.0550 0.70 
0.80 GW 0.0536 0.65 
0.90 GW 0.0517 0.59 
1.00 GW 0.0500 0.54 

…… …… ……

1.50 GW 0.0378 0.32 
…… …… ……

2.00 GW 0.0228 0.15 
…… …… ……

3.00 GW 0.0047 0.02 
…… …… ……

4.00 GW 0.0005 0.00 
…… …… ……

5.00 GW 0.0000 0.00 
……… ……… ………

13.70 GW 0.0000 0.00 

Table 7 :  Final capacity-outage table for the power system of Table 2 committed according to 
demand at day 1 with the largest-unit reserve method 
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Figure 37 :  Capacity-outage figure; same case as Table 7 

Calculation of the LOLE 

With the capacity-outage tables and the demand for electricity, the LOLE can be 
calculated (Billinton and Allan [8]) 

 ( )
=

= <∑
n

i i i
i 1

LOLE P C L  (5.1) 

where Ci = available capacity in period i 
Li = maximum load in period i 
Pi(Ci<Li) = LOLP in period i. 

The individual values of Pi can be read from the cumulative outage probability tables 
or figures. 

Note that in the upcoming tests the available capacity Ci is a statistical distribution 
determined by the outage probability of Figure 37 but that the load Li is considered 
known at all times.  In reality, the load is also partly unpredictable.  Taking into 
account the uncertain demand Li will increase the spread of the distribution Ci-Li.  
This will lead to a larger value for the probability Pi(Ci-Li<0) and therefore will also 
increase the LOLE or unreliability.  So, in cases with uncertain demand, larger 
reserve levels are advisable. 

Uncertain demand is not taken into account here.  It is not our intention to evaluate 
the absolute value of the LOLE nor to establish a reliability level.  In the test, we 
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merely want to investigate the consistency of the rules of thumb used in setting the 
reliability levels.  A case with uncertain demand is discussed by Garver [44]. 

5.5.1.2 Test procedure alpha :   
Is the largest unit a logical choice as reserve requirement? 

The first test is the establishment of the LOLE of the power system, committed for a 
given electricity demand, as a function of the chosen reserve margin.  The frequent 
and common use of the largest-unit reserve or the N-1 reserve suggests that the 
users of this method assume that the LOLE is large for reserves lower than the 
largest unit and acceptable for larger reserves.  This test procedure alpha checks this 
“hypothesis” by calculating the LOLE for several reserve levels.  Figure 38 shows the 
relative changes in LOLE as a function of the normalised reserve capacity (a value of 
one corresponds to the largest-unit reserve method).  Only the curve for day 3 is 
shown.  The other curves are similar. 

As expected, the LOLE or the unreliability of a power system decreases with 
increasing reserve (monotonously decreasing curve of Figure 38).  The hypothesis 
that the largest unit is some sort of “critical point” in the LOLE is, however, not 
observed.  The decrease in LOLE is fairly continuous.  This means that, from a loss-
of-load point of view, there is no reason to pick the largest unit as the reserve 
objective. 
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Figure 38 :  LOLE as a function of the chosen reserve margin 
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5.5.1.3 Test procedure beta :  LOLE stability 

For test procedure beta, the proposed methods are again compared by means of the 
LOLE index.  Now, the intention is to check whether the deterministic methods 
generate a constant reliability, measured in the stability of the LOLE. 

Four days are tested.  The first day acts as reference.  The percentage reserve 
margin is chosen to obtain the same LOLE as the largest-unit reserve during this first 
day.  The remaining three days, with different demand, are used to investigate 
changes. 

Reserve levels 

The reserve levels for both methods are translated into additional power committed.  
As an example, the data for day 1 and the largest-unit reserve method are discussed 
here in detail.  The maximum demand during day 1 is 12.7 GW.  The largest unit 
committed has a capacity of 1000 MW.  Therefore, in this case, the reserve margin is 
also 1000 MW and plants will be committed to maximally deliver 13.7 GW.  With the 
plants of Table 3, this results in committing all the plants of types 1 through 4 and 7 
plants of type 5; in total 42 power units. 

The commitment strategy in all cases is shown in Table 8.  The percentage reserve is 
defined in day one in order to obtain the same reserve as in the largest-unit reserve 
scheme (so 1000 MW reserve for day 1 which corresponds to 7.87% of 12.7 GW).  
This reserve margin is then fixed percentage wise for the other days. 
 

 
maximum 
demand largest-unit reserve percentage reserve 

  reserve committed reserve committed

day GW GW GW % GW 
1 12.7000 1.000 13.7000 7.87% 13.7000 
2 10.6509 1.000 11.6509 7.87% 11.4896 
3 8.9958 1.000 9.9958 7.87% 9.7041 
4 7.0280 1.000 8.0280 7.87% 7.5814 

Table 8 :  Commissioning in all test cases 

Results of test procedure beta 

The results of the LOLE calculation corresponding to the largest-unit-reserve method 
and the percentage-reserve method are shown in Table 9 where the relative changes 
in LOLE are shown (day 1 is chosen as reference). 

Minutes-Reserve Planning 74  

 

day largest-unit reserve percentage reserve 

day 1 1 1 
day 2 0.70 0.92 
day 3 0.82 1.05 
day 4 0.67 1.25 

Table 9 :  Relative LOLE for the largest-unit reserve and the percentage reserve methods 

Table 9 clearly demonstrates that none of the proposed deterministic methods is able 
to guarantee a constant LOLE throughout the year.   

The largest-unit reserve provides a more reliable system when demand decreases 
(the LOLE, or unreliability, decreases).  On the other hand, the system reliability of 
the percentage-reserve method generally decreases with decreasing demand 
(measured in an increase in LOLE). 

Influence of variations in the power system 

The power system from which units can be committed is not constant throughout the 
year due to planned outages.  Usually, large planned outages take place in periods of 
low demand.   

In order to test the influence of planned outages, the simple deterministic methods 
discussed previously in Section 5.5.1 are repeated where planned-outage approaches 
are implemented for days 3 and 4 (in days 1 and 2 demand is too high to allow 
planned outage).  In the first outage planning, two type 1 units (1000 MW, Table 2) 
are out simultaneously.  In the second approach, one type 1 unit and three type 2 
units (300 MW each) are out.  In the last approach, two type 1 units as well as three 
type 2 units are out.  Table 10 shows the results of the largest-unit-reserve method 
with planned outages during periods of lower demand (days 3 and 4).  Table 11 
shows the results for the percentage-reserve method. 

Table 10 shows that, for the largest-unit-reserve method, the absolute deviation in 
LOLE between the different days becomes even larger when planned outages are 
taken into account. 

Table 11, on the other hand, shows that for the percentage reserve, the absolute 
deviation in LOLE between the different days becomes (in general) smaller when 
planned outages are taken into account.  However, it is noted that this strategy may 
still result in a less reliable system during periods of low demand (Table 11, day 4). 
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planned outages on days 3 and 4 
day 

largest-unit 
no planned 

outages 2 x type 1  1 x type 1 
3 x type 2 

2 x type 1 
3 x type 2 

day 1 1 1 1 1 
day 2 0.70 0.70 0.70 0.70 
day 3 0.82 0.66 0.78 0.63 
day 4 0.67 0.51 0.63 0.47 

Table 10 :  Relative LOLE for the largest-unit-reserve method with planned outages 

planned outages on days 3 and 4 
day 

percentage 
no planned 

outages 2 x type 1  1 x type 1 
3 x type 2 

2 x type 1 
3 x type 2 

day 1 1 1 1 1 
day 2 0.92 0.92 0.92 0.92 
day 3 1.05 0.87 1.00 0.84 
day 4 1.25 1.07 1.23 1.00 

Table 11 :  Relative LOLE for the percentage-reserve method with planned outages 

Method with derated power 

In order to deal with the overall reliability of individual power stations, instead of the 
actual power, the derated power is used in the simulations.  As will be recalled, the 
derated power equally distributes the unreliability of a power plant over a large time 
period by multiplying the power of the plant with the overall reliability (for 
conventional units) or availability (or capacity factor for intermittent sources). 

In view of reserve planning, simulations executed with derated power can be 
interpreted as a percentage-reserve planning tool.  This is explained in the following 
example.  Assume a 1000 MW unit with a 91% reliability.  The derated power of this 
unit is therefore 910 MW.  In the simulations, the unit is only able to generate 
910 MW, where, in reality it can generate 1000 MW.  This leaves a 90 MW reserve 
margin, or 9.9% of the derated output.  In general, a unit with rated power Prated 
and reliability f has a reserve margin of (1-f)/f relative to the derated power f*Prated 
of the unit in case it is fully available. 

This means that the method with derated power and planned outages, where the 
outage planning is inversely proportional to the electricity demand, is conform to the 
description of the method with percentage reserve and outage planning. 

5.5.2 Proposed method for minutes-reserve planning 

5.5.2.1 Method 

As a pragmatic solution to minutes-reserve planning, the method containing the 
following parameters will be adopted: 

• Planned outages of larger plants take place during periods of lower demand.   
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• The derated power of the power units is used.  One takes a 
percentage-reserve margin of (1-f)/f relative to the derated power f*Prated of 
each unit, with f being the average availability of the plant. 

• If this reserve margin is smaller than the maximum output of the largest unit 
committed, the minutes-reserve margin is increased to minimally enable 
replacement of the largest unit. 

This mixed approach achieves an average LOLE of the percentage reserve and the 
largest-unit reserve in which a minimal reliability is ensured (conservative approach 
of the largest-unit reserve method, see Section 5.5.1).  This combined reserve 
planning is schematically shown in Figure 39. 
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Figure 39 :  Combination of percentage-reserve margin (derated-power approach) and 

largest-unit reserve 
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For the given system and demand pattern, during days 1 and 2 the reserve invoked 
by the derated-power approach exceeds the size of the largest unit.  During days 3 
and 4, this is not the case and the reserve is set by the largest unit. 

The results of the simulations for this combined method are shown in Table 12.   
 

planned outages on days 3 and 4 
day 

2 x type 1 1 x type 1 
3 x type 2 

2 x type 1 
3 x type 2 

day 1 1 1 1 
day 2 0.88 0.88 0.88 
day 3 0.83 0.90 0.80 
day 4 0.64 0.70 0.59 

Table 12 :  Relative LOLE for the combined method 

5.6 Conclusion 
The largest unit is not necessarily a logical choice to determine the reserve level.  
The system unreliability is shown to monotonously decrease with increasing reserve 
levels.  A reliability “jump” for reserve levels round the size of the largest unit is not 
observe, nor for any other reserve levels.   

Neither the largest-unit reserve nor the percentage reserve methods provide a 
reliability level that is independent of power demand.  As a pragmatic compromise, 
both methods are combined which resulted in a more stable reliability. 

 

 

6. LONG-TERM UNIT-COMMITMENT 
OPTIMISATION 

6.1 Summary 
Unit commitment determines which power plants have to be on-line at every specific 
moment.  Most unit-commitment models described in the literature are especially 
designed as short time-span models for power generating companies with relatively 
small power systems.  Unit commitment models are also implemented in the broader 
context of power-generation modelling.  For these purposes the power systems 
considered are usually much larger and the time scale is more extended.  As unit 
commitment is only one aspect of such models, the computation time dedicated to 
unit commitment has to be limited, possibly sacrificing somewhat on accuracy. 

Two methods are compared here.  Unit Decommitment which is considered to be 
completely accurate and Advanced Priority Listing (developed in this work) which is 
somewhat less accurate but also less complicated and more convenient for practical 
use.  Simulations demonstrate that Advanced Priority Listing is only slightly less 
accurate (0.03 to 0.6%) but requires far less computation time (5 to 10 times) than 
Unit Decommitment. 

6.2 Introduction 
Unit commitment, further abbreviated as UC, refers to the well-considered choice 
that has to be made to determine which power plants are best “switched on” to 
supply electricity. 

UC is not the same as dispatching.  Dispatching fits a given set of power plants into a 
certain demand profile.  UC identifies the set of plants from which dispatching can 
choose.  The difference between both issues is time.  In dispatching decisions, there 
is no time to rapidly activate a power plant because the inertia of most plants will not 
allow this.  UC determines which set of plants have to be switched on, which means 
bringing the unit up to speed, synchronise it to the system and connect it so that it 
can deliver power to the network (Wood and Wollenberg [136]). 

UC chooses plants taking into account a wide variety of parameters, technological 
aspects (such as minimal operation point, minimum-up and minimum-down time and 
transient behaviour) as well as economic considerations (such as start-up costs and 
operational costs) and social elements (such as availability of staff and work 
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schemes).  A simple example of UC is shown in Figure 40, with three plants.  In the 
case without UC, the technological restrictions of the plants are violated.  The middle 
plant would sometimes have to operate below its minimum operation point and it 
would have to be shut down and be restarted more rapidly than possible.  In the 
situation with UC, these technical restrictions are respected. 

1h 

minimum operation point 

without UC 
POWER

TIME 

POWER

TIME

with UC 

Available plants : 

Power 

minimum up time 8h 6h 1h 

 
Figure 40 :  Simple example of unit commitment in a system with three units 

6.3 Applications of unit commitment 
For generating companies, UC concerns time periods of one day up to one week.  
The power system that needs to be optimised is usually limited to less than fifty 
power plants.  Most UC models described in the literature have been developed for 
these types of generating companies and therefore concentrate on short-term UC of 
relatively small power systems. 

In the broader context of energy modelling both the power systems and the time 
period considered are much larger.  In such models (used, e.g. for the computation 
of the emissions or the energy use of a country), UC is not the main objective.  In 
order not to have a disproportional impact on the overall computation time, a UC 
bottleneck in the model should be avoided.  Therefore, a pragmatic choice based 
upon accuracy and the share of UC in the overall computation time is to be made.  
This chapter gradually leads to a type of UC modelling that is not to penalising from 
a computational point of view while still being sufficiently accurate. 

6.4 Existing methods; literature survey 
Many approaches have already been developed to tackle the UC economic 
optimisation (e.g. Sen and Kothari [100] and Wood and Wollenberg [136]). 
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The most straightforward method is what we call brute force, in which all possible 
combinations of power plants to provide a given demand are calculated.  The 
combinations conflicting with the boundary conditions are struck off the list.  Finally, 
the most economic of all remaining possibilities is withheld.  This method is not only 
scientifically clumsy but will also result in the largest possible computation time.  The 
total number of possibilities that needs to be calculated via brute force equals 2NT, 
where N is the number of plants in the power system and T the number of time 
intervals considered.  

Dynamic programming (DP) is a name used for methods in which a-priori impossible 
or improbable possibilities are left out.  Lowery [78] starts from a previously 
determined optimal UC planning and gradually adds power plants to obtain optimal 
solutions for higher demand.  Hobbs et al. [56] initialise their approach with options 
valid for preceding periods.  Cohen and Yoshimura [15] propose a branch-and-bound 
model (or "tree" concept) which also starts from a previously obtained optimum.  
Van den Bosch and Honderd [119] decompose the main problem into several sub-
problems that are easier to solve.  The decomposition proposed by 
Snyder et al. [106] consists of grouping power plants of the same type.  The 
truncated combination (DP-TC) described by Ouyang and Shahidehpour [90] and 
Pang and Chen [91] omits must-run units and units not allowed or not able to 
operate from the search range.  Lee [72] adds a sequence in which new plants are 
added to the scheme (sequential truncated combination, DP-STC).  In order to take 
into account uncertainties (e.g. uncertain electricity demand), Su and Hsu [108] 
combine DP with fuzzy logic.  Ouyang and Shahidehpour [89] use neural networks to 
enable the model to learn from previously made decisions.   

It is possible to decompose UC into a master problem and sub-problems that can be 
solved separately.  The master problem is optimised (minimal cost), linking the sub-
problems by Lagrange multipliers (e.g. Lai and Baldick [69] and Merlin and Sandrin 
[83]). 

A very simple method is based on Priority Listing in which power plants are logically 
ranked.  Originally, the plants were ranked according to full load cost.  Because some 
plants not always operate at full load, Lee [73][74] introduced the commitment 
utilisation factor CUF.  Voorspools and D'haeseleer [128] divide the plants into parts 
of constant marginal energy use and rank these parts instead of the total plants.   

Unit Decommitment (Tseng et al. [111]) looks at de-committing plants instead of 
committing them.  All plants are initially activated.  Then they are shut down one at 
a time while checking whether or not the overall costs are reduced. 

All methods mentioned above can be combined with expert systems.  The expertise 
of the operator can be used to propose a near-optimal initial solution or to guide the 
iterative process (Mokharti et al. [85]).  In other cases, the thorough knowledge of a 
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given system can be used to determine the operation regime of a certain type of 
units (e.g. the hydro-pumping units in Voorspools and D'haeseleer [128]). 

In addition to these conservative methods, also some unconventional methods have 
be developed.  Dasgupta and McGregor [18], for instance, use genetic algorithms.  
This is a stochastic adaptive search based on "survival of the fittest". 

From the literature survey, it can be concluded that most UC methods are specifically 
designed for short time spans.  For practical use it is needless to optimise UC in 
advance since the boundary conditions (such as which plants are available) are not 
yet known.  Therefore UC software typically relates to periods from 24 hours to 
several days.  Calculation time is not really an issue in these cases.  Since the time 
scale and the size of the power systems are relatively small for these practical 
applications, most methods (even brute force) pose no real problems for modern 
computers.  For modelling applications in a broader context (several interconnected 
power systems) and a larger time scale (one or more years), computation time may 
become an issue, specially when UC is only a side problem of the model (which is the 
case in this work).  Furthermore, because of the uncertainties in the boundary 
conditions, exact optimisation is out of the question anyway.  Nevertheless, it is still 
necessary to include UC in order not to obtain absurd operating regimes where, for 
instance, large base-load units would be used to provide peak load and be switched 
on and off rapidly. 

6.5 Comparison: 
Unit Decommitment versus Priority Listing 

Two methods are retained here because of their simplicity and limited computation 
time: Unit Decommitment and Priority Listing. 

6.5.1 Unit Decommitment 

6.5.1.1 Original approach of Tseng et al. [111] 

Tseng et al. [111] propose the Unit Decommitment model for optimising unit 
commitment.  This method starts from a state in which all power plants are initially 
on-line over the planning horizon.  Then all units are decommitted one at a time to 
determine whether or not operation without each unit leads to a better economic 
optimum.  In this economic optimisation, both operation and state transition costs 
are considered.  Tseng et al. [111] demonstrate that their method stops within I 
iterations, where I is the number of power plants.  They also show that the error 
between Unit Decommitment and Lagrangian Relaxation is within 0.2%, whereas the 
Unit-Decommitment method takes 50 to 85% less computation time. 
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6.5.1.2 Simplified approach 

For our purposes, the method is even further simplified.  Instead of treating all 
power stations similarly, the plants are initially grouped.   

The first group contains the so-called must-run (such as large nuclear-power 
stations) and must-buy (such as co-generation and wind-turbines) units.  Since these 
units are on-line continuously (by choice or by nature), it is not necessary to test 
them.   

The second group consists of the peak units.  These units can be activated and shut 
down rapidly.  Therefore, they are not relevant from a UC point of view and do not 
have to be tested. 

All other plants are put in the group that remains to be tested.  If a plant from this 
test group, after testing, is selected to remain on-line, it is put in the modulation 
group.  Otherwise it is put in the inactive group.  Moving a plant from one group to a 
different one is driven by economic considerations. 

This means that initially, the modulation group and the inactive group are empty.  
After the Unit-Decommitment routine, all plants that were initially in the test group 
will have moved to the modulation group or the inactive group. 

Since the Unit-Decommitment computation time is proportional to the number of 
power plants to be tested, these simplifications reduce the computation time 
according to the number of plants initially put in the must-run group and the peak 
group. 

This unit decommitment approach is schematically shown in Figure 41. 
 

STARTING POINT 
all plants are on-line 

CASE A :  compute 
total generation cost 

CASE B :  compute  
total generation cost 

if  CASE B is 
more economic

decommit selected 
plant

if  CASE A is 
more economic

selected plant  
remains on-line

repeat until the 
decommitment of all 

plants has been tested

decommit  
one selected plant 

 
Figure 41 :  Unit-Decommitment test procedure 
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The actual testing procedure is now explained in the following two subsections. 

6.5.1.3 Ranking of the power stations 

The different groups of power plants are combined in an a-priori ranking list as 
shown in Figure 42.  Before creating the ranking, all groups are rearranged according 
to their marginal operation cost. 
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Figure 42 :  Ranking the power plants in must-run, modulation,  

test, peak and inactive groups 

This ranking can be compared to the electricity demand for every hour in order to 
determine the activation necessity of the different plants. 

6.5.1.4 Sequential testing of power units 

Step 1 

The first step is the determination of the activation sequence of the power unit with 
the highest priority in the test group without taking into account all further boundary 
conditions or optimisation.  This is illustrated in Figure 43.  When the hourly demand 
is lower than the maximum output of the units from the must-run and modulation 
groups, the unit is designated as decommitted (code 0).  Otherwise, it is considered 
to remain committed (code 1). 

In this first step, technical boundary conditions (such as the minimum-up and 
minimum-down time of a specific plant) are not yet taken into account. 
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must-run 

modulation 

test 

peak 

demand 

time 

1 1 1 1 1 1 0 1 1

 
Figure 43 :  Determination of the activation sequence of the power unit with the highest priority 

in the test group.  The plant considered is committed (code 1) or decommitted (code 0) 
according to its relation with the power demand 

Step 2 

For the test plant considered several possible activation schemes will be composed 
starting from the result of step 1.  These possibilities are necessary corrections of the 
activation scheme of step 1 in which the boundary conditions, such as the 
minimum-up and minimum-down time of the plants, are respected.  Some of these 
possibilities are shown in Figure 44.  The result of step 1 is repeated in the first line 
of Figure 44.  All following possibilities (the following lines in Figure 44) start from 
the result of step 1 and are corrected in order to obtain a feasible solution with 
respect to the plant-specific boundary conditions.  These possibilities are, 
respectively for lines 2 to 6 in Figure 44, situations where the decommitment of the 
plant is  1) symmetrically extended to the minimum-down time 
 2) continuously committed 
 3) continuously down 
 4) decommitted from the moment on where it is deactivated in test 1 
 5) decommitted until that moment. 
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1 1 1 0 0 0 0 0 0 0 1 1 1

1 1 1 1 1 1 0 0 0 0 0 0 0

0 0 0 0 0 0 0 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1 1 1 1

0 0 0 0 0 0 0 0 0 0 0 0 0

1 1 1 1 1 1 0 1 1 1 1 1 1 UC according to step 1 

alternative UC proposals

 
Figure 44 :  Possible UC schemes for test plant 

Step 3 

For every UC possibility for the test unit under consideration obtained in step 2, 
additional computations are made of the overall power-generating cost.  Demand is 
still met by the simple ranking of Figure 42 in which, now, the alternative UC scheme 
under review for the test unit is implemented.  Figure 45 shows one possibility.  The 
eventual activation of the other test units is done according to the rules of Step 1. 
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Figure 45 :  Determination  of the activation scheme of all power units according to the UC 

scheme of the test plant with the highest priority (only one possibility is shown) 

For every possibilities obtained in test 2, the resulting total electricity generation cost 
is calculated, not only taking into account fuel costs, but also state-transition costs.  
As a result of the test, the most economic UC proposal is withheld, finally defining 
the UC scheme for the plant under consideration.  When definitively committed 
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during one time slot, the plant is moved to the modulation group; when 
decommitted, it is moved to the inactive group. 

Back to step 1 for next plant in test group 

After Step 3, one plant has been moved from the test group to another group.  The 
next step is to investigate the next plant in the test group and to return to step 1.  
This is again the plant with the highest priority in the test group until all plants in the 
test group have been submitted to this procedure. 

6.5.2 Priority Listing 

6.5.2.1 Priority-Listing methodology 

From a modelling point of view, Priority Listing is the simplest method for UC.  All 
plants merely need to be ranked in a heuristic manner with increasing marginal 
operational costs.  This unique ranking order is then used to commit units to satisfy 
demand and reserve requirements at every hour.  There is no further economic 
optimisation.   

The computation time for this method is small, even for large systems.  This makes 
the method eligible for our purposes.  An important disadvantage of the method is 
that it is not considered to be accurate.  Also state transition costs are not taken into 
account. 

6.5.2.2 Advanced Priority Listing 

In order to improve the accuracy of Priority Listing, without compromising strongly 
on computation time, we propose an adjusted or advanced approach in this work. 

The power plants are again divided in separate groups: a must-run group, a peak 
group, a test group, a modulation group and an inactive group, similar to what was 
done in the Unit-Decommitment approach in Section 6.5.1.2.  

The plants in all groups are ranked according to increasing operational costs.  The 
groups are again stacked as shown in Figure 42.  Initially, the modulation group is 
empty.  This stack of power plants is now designated as the initial priority list with 
corresponding cumulative power.   

To determine which plants need to be activated every hour, the cumulative power of 
the initial priority list is compared to the hourly electricity demand.  Plants with a 
ranking order below the electricity demand are activated, as well as the next plant.  
All plants with a lower priority (or higher ranking order) are off-line.  This results in 
an activation matrix. 

This activation matrix may conflict with the technical restrictions of some plants.  
Therefore, the matrix is “corrected” in two steps.  If the down time of a plant is 
much smaller (larger) than the minimum-down time (minimum-up time) —let's say a 
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fraction MD (MU), the down time (up time) is cancelled.  The dimensionless 
multipliers MD and MU are chosen from expertise.  MD is large (from 0.6 to 1) 
because keeping this plant online will lead to an increase in reserve.  MU is small 
(from 0 to 0.4) because shutting down these plants might lead to a situation where 
demand cannot be met.  These corrections lead to an intermediate priority list.  As a 
second “corrective” step, the time intervals with a remaining conflict are expanded 
symmetrically, starting with the smallest conflict (which corresponds to the longest 
interval).  E.g. if a plant with a minimum-up time of 8 hours is only activated during 
6 hours, two activation hours are added; one at the beginning and one at the end of 
the original interval of 6 hours.  If this correction creates a new conflict in an 
adjacent interval, the correction is not carried out and the original conflict is simply 
eliminated.  Without this final consideration, the programme could enter an infinite 
loop.  Removing one conflict would create another.  Removing this new conflict could 
reinstate the first one… 

To construct the final priority list, the plants from the test group are regrouped.  The 
minimum operation points of the plants in the test group are considered must-run.  
Indeed, if the plant is on-line (which is defined by the priority list), it must be 
operated above the minimum operation point.  The rest of the plant is divided into 
parts of constant marginal energy use (as shown in Figure 46).  These parts are 
classified in the modulation group.  The plants or parts of plants in all groups are 
rearranged according to increasing marginal operational costs.  Finally, the groups 
are again stacked as shown in Figure 42.  This stack is the final or advanced priority 
list. 
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Figure 46 : Schematic working characteristic of a power plant 
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6.5.3 Comparison of Unit Decommitment and Advanced Priority 
Listing 

In order to compare both methods, tests are performed for different cases.  The 
evaluation is based on two criteria: accuracy and relative computation time.  
Accuracy is evaluated by comparing total cost (the Unit-Decommitment procedure is 
considered to be exact).  For this comparative assessment, only the relative values of 
the output (such as energy use, generation costs) are needed.  The absolute values 
are irrelevant for this purpose. 

6.5.3.1 Input for the unit-commitment test procedure 

Power system 

A power system with a small variety of power stations is —from a modelling point of 
view— not very challenging for UC.  Unit commitment will only determine how many 
power plants are on-line.  But since most of the operating plants similar 
characteristics, this will not dramatically influence the outcome. 

Unit commitment will have a larger impact for power systems with a wide variety of 
power plants (nuclear, coal fired, gas fired, lignite fired, renewables, …).  In these 
cases, unit commitment not only determines how many plants are on-line, but also 
which types of plants are active. 

The power system chosen for the comparative test, therefore, contains different 
types of power plants.  This power system is shown in Table 13 (this is again the 
same test power system as used for the test for minutes-reserve planning in 
Chapter 5 and outage planning in Chapter 3).   
 

plant 
type 
(#) 

load 
type power 

min. 
op. 

marg. 
use rest 

marg. 
use op. cost

start 
cost 

min 
up and 
down 

  MW MW in

out

MWh
MWh

 MW in

out

MWh
MWh

 
inMWh

cost
MW
cost

h 

1 (5) base 1000 300 5 700 3 1 10 24 
2 (10) mid 300 100 4 200 1 2 5 4 
3 (10) mid 300 100 4 200 2 1.7 7 12 
4 (10) mid 200 50 4 150 2.3 2 6 8 
5 (10) peak 100 100 2.5 0 0 2.3 0 0 

Table 13 :  Power system used in comparative tests for unit-commitment optimisation 

There are 5 must-run plants and 10 peak-power plants.  The remaining 30 plants are 
called normal plants.  Every plant is divided in two parts of constant marginal energy 
use (as shown in Figure 46); the minimum operation point and the rest.  The 
remaining parameters are the total power, the start-up cost and operational costs 
(expressed in the hypothetical monetary value cost) and the minimum-up and 
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minimum-down time.  Plants 1 through 5 practically correspond to large 
nuclear-power stations, combined-cycle gas-fired units, steam-cycle coal-fired units, 
steam-cycle gas-fired units and gas turbines, respectively. 

Power demand 

For the power demand used in the tests, a one-week period is used with one-hour 
intervals, which results in 168 values (7x24=168).  Because power demand may 
differ from region to region, four different demand patterns, shown in Figure 47, are 
tested.  The first three are a simple block wave, a triangular wave and a triangular 
wave with noise.  The shape of the fourth demand pattern is based on power 
demand in Belgium (starting Tuesday morning and ending Monday night).   
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Figure 47 :  Demand patterns used in comparative tests for unit-commitment optimisation 
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6.5.3.2 Test results of case studies 

General discussion 

The results of Unit Decommitment and Advanced Priority Listing are shown in Table 
14.  For these case studies, the power system and the four demand patterns defined 
in Table 13 and Figure 47 are used. 

The results demonstrate that the Advanced Priority Listing method is indeed less 
accurate than Unit Decommitment: the electricity generation costs increase with 
0.03% to 0.6%.  On the other hand, Advanced Priority Listing is 5 to 10 times faster 
than the Unit-Decommitment method.   
 

demand profile  
Unit 

Decommitment 
Advanced 

Priority Listing 
block wave relative cost 1 1.005 

 relative computation time 10.3 1 
triangular wave relative cost 1 1.006 

 relative computation time 8.4 1 
relative cost 1 1.00003 triangular wave + noise

relative computation time 5.7 1 
relative cost 1 1.004 Belgian demand shape

relative computation time 10.5 1 

Table 14 :  Unit-Decommitment method versus Advanced Priority Listing; comparison of 
accuracy and computation time 

Detailed discussion of the test results 

In order to gain better insight in the differences between the results for the 
Unit-Decommitment method and Advanced Priority Listing, the results for one of the 
four demand patters are discussed in detail.  The demand pattern based on the 
Belgian electricity demand is chosen. 

The results for the simulation of one week are compared in Table 15 (use Table 13 
for the definition of the plant types).  The second column shows how many times a 
plant of a certain type is started in the evaluation period.  The next columns show 
the electricity generation, the primary-energy use, the operational costs and start-up 
costs and finally the total costs.  The costs are expressed in the hypothetical 
monetary unit cost defined in Table 13. 

The results for both methods are the same for power plants with the highest priority 
in the priority list; plants of types 1, 2 and 3.  The only differences occur for plants 
with a low priority and the peak units.  In the Advanced Priority Listing model, 37 
starts and stops occur for type 4 plants.  The peak units are barely used.  In the Unit 
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Decommitment model, only 17 starts and stops are noted for the type 4 plants, 
resulting in a higher utilisation of the peak power units1.   

The reason for these results is twofold.  In some cases, it is more economic not to 
start-up a larger power station of type 4 for shorter periods, but to use a peak unit 
instead.  In other cases, it is better not to shut down a type 4 unit for shorter 
periods, but to leave it on-line at a lower operational regime. 

The total costs calculated for the Unit Decommitment model are lower than for 
Advanced Priority Listing.  Table 15 shows that gain mainly comes from savings in 
state-transition costs. Operation costs only improve from 7.357 to 7.350 Mcost2 
where the start-up costs improve from 0.055 to 0.031 Mcost.   
 

 
plant 
type 

# 
start 

electric 
energy 

[TWhout] 

primary 
energy 
[TWhin] 

operation 
cost 

[Mcost] 

start-up 
cost 

[Mcost] 

total 
cost 

[Mcost] 
1 0 0.840 3.024 3.024 0 3.024 
2 0 0.499 1.003 2.007 0 2.007 
3 5 0.388 1.079 1.834 0.011 1.845 
4 37 0.086 0.244 0.489 0.044 0.533 

APL 

5 — 0.0005 0.0013 0.003 0 0.003 

 total  1.813 5.35 7.357 0.055 7.41 
1 0 0.840 3.024 3.024 0 3.024 
2 0 0.499 1.003 2.007 0 2.007 
3 5 0.388 1.079 1.834 0.011 1.845 
4 17 0.057 0.158 0.316 0.020 0.336 

UD 

5 — 0.029 0.074 0.169 0 0.169 

 total  1.813 5.34 7.350 0.031 7.38 

Table 15 :  Detailed results of the comparison between Unit Decommitment (UD) and Advanced 
Priority Listing (APL) for the Belgian demand profile 

6.6 Overall conclusions unit commitment 
Most methods for unit-commitment optimisation discussed in the literature are 
designed for the needs of the power-generation companies.  This means that the 
costs are optimised for relatively small power systems in a limited time scale. If unit 
commitment is a part of more general long-term model, limited computation time is 
also very important and a small sacrifice in accuracy is acceptable. 

Two methods have been compared: Unit Decommitment and Advanced Priority 
Listing.  For modelling purposes, Advanced Priority Listing clearly prevails.  The gain 

                                                     
1  Note that, in Table 15, the number of starts of the peak units is not shown because of two 

reasons.  Firstly, the start-up cost of these units is zero as defined in Table 13.  Secondly, 
these units are specifically designed to rapidly start and stop. 

2  The unit Mcost stands for 106 cost. 
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in computation time is considerable (factor 5 to 10) and the loss in accuracy (0.03 to 
0.6%) effectively negligible.   

 



 

7. CROSS-BORDER TRANSMISSION 

7.1 Summary 
For the modelling of cross-border trade, the following assumptions are made and 
justified in this chapter.   

• For the transmission market, perfect competition is assumed.  This implies 
that prices are taken as given and known to all agents and that agents 
cannot change these prices. 

• For the cross-border-trade tariffs, a “postage-stamp” system is used without 
distance or load elements.   

• Trade in transmission capacity is not modelled.  The transmissions are 
limited to the net-transfer capacity in order to avoid congestion. 

• Cross-border transmission losses are neglected. 

• Reactive power flows are not considered. 

ETSO, the organisation of the European Transmission System Operators, pursues a 
tariff that is transparent and non-discriminatory to consumers.  This tariff is not paid 
directly to the transmission system operators (TSO) themselves, but to a special 
ETSO fund which is used to ex-post compensate all individual TSO’s. 

The input data of the different power systems does not allow direct mathematical 
computation of the perfect equilibrium.  Therefore, a sequential heuristic method is 
developed in which strict rules are followed for power delivery to the different zones.   

Whether or not the sequential heuristic method reaches the perfect equilibrium has 
been cross-checked for first-order power systems for which mathematical calculation 
of the perfect equilibrium can easily be achieved.  For two zones, it can be shown 
that the mathematical optimisation and the sequential heuristic method lead to the 
same results.  For 3 and 4 zones, several test cases were calculated.  The results in 
electricity generation and transmission between zones for the sequential heuristic 
method were very close to the perfect equilibrium.  Indeed, the error in 
power-generation costs was never higher than 0.1% for the 39 cases tested. 
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7.2 Introduction 

7.2.1 Cross-border-trade modelling 

Cross-border transmission (CBT) is the electricity transport between regions 
controlled by different transmission system operators (TSO).  There are two main 
methods to describe electricity transport between two zones controlled by different 
TSO’s1.  The first method describes the actual energetic transaction in all segments 
of the power grid while a second method only considers the contractual path of the 
same transaction.  In fact, only the net transaction at the borders of the two zones 
involved is important from an economic point of view. 

When the exact load in all parts of the power grid needs to be known, the first 
method has to be used.  This is the case when technical issues are of concern.  For 
our electricity-generation and -trade model, the second method is more convenient 
because modelling becomes much easier in that the complicated load-flow algorithms 
can be avoided.  The fact that the exact information on the actual load in each power 
line is lost in this way, is of relatively minor importance since our model envisages to 
determine global trends rather than the revelation of network weaknesses. 

The path of electric-energy transmission is further explained by means of the 
following example where a generator in zone A intends to transport electric energy 
to a consumer in zone D as shown in Figure 48. 

From a broader perspective (also adopted in the ETSO2 tariff system discussed later), 
the contractual path is less important.  It is only relevant that zone A creates a 
generation surplus and zone D reduces generation with respect to its load with the 
same agreed upon net value (ignoring losses in a first assumption).  This can be 
measured at the borders as demonstrated in Figure 49 (the flows between BC, BE 
and CE and the transit flows are not shown). 

The actual distance between the exporting zone and the importing zone is not 
necessarily relevant.  E.g. for the export from zone A to zone D, it is possible that 
zone A exports to zone E where the electric energy is used locally near the AE 
border.  Zone E exports the same amount of electric energy to zone D from a plant 
near the ED border.  The overall flow pattern will slightly alter, resulting in an 
apparent flow from A to D.  The flow can only be established by comparing 
(mathematically subtracting) the flow pattern with and without the transaction. 

                                                     
1  The words “zone”, “region” and “control zone” all refer to geographical “domains” controlled 

by a TSO.  These words are used as synonyms.  See also Section 7.2.2 where a “zone” is 
defined. 

2  ETSO stand for the organisation of European Transmission System Operators. 
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A CB D
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Figure 48 :  Intended electricity transmission from zone A to zone D 
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E

 
Figure 49 :  Net export from zone A and import into zone D (transit flows are not shown) 

7.2.2 Definition of a zone 

The model uses zones of demand and generation that are connected by transmission 
lines. 

A zone is defined as a network of consumers and power plants.  For practical 
purposes, a zone may be interpreted as a control zone or the territory of a 
Transmission System Operator (TSO).  A zone is not “owned” or monopolised by one 
single generator and may contain power plants of several different generators.  In 
the assumption of perfect competition, the owner of a power plant is irrelevant; only 
its marginal power-generation cost counts.  A zone is not, but can be, a country.  
Belgium and Luxembourg might be considered as one zone, whereas, e.g. Germany 
can be divided into several zones. 

7.3 Cross-border electric-energy-trade tariffs 

7.3.1 Introduction 

Since electric energy not necessarily travels the entire distance between two zones, a 
distance element in CBT pricing is not advisable.  A network-load element, also 
taking into account the impact of the transaction on the additional load carried by 
(and limitations of) the different network elements involved, would probably be a 
better parameter.  This load element is, however, not constant and untransparent for 
the parties involved.  The tariffs can vary from non-transaction related, over distance 
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related tariffs to tariffs including transmission losses and constraints (Proost et 
al. [97]).  The most common tariff structures are listed below (Frenken and 
van de Water [42]).   

• The simplest method is the postage stamp.  This is a fixed cost per MWh, 
without distance or load elements. 

• Another possibility is a contract path where the costs are calculated for an 
agreed upon path.  Now a distance element is included and a load element can 
be implemented.  Also the network investments can be included in this kind of 
tariff. 

• The megawatt-distance reflects distance and load costs.  Also system costs 
can be implemented. 

• The costs can also be negotiated and determined in an economic evaluation.  
Then the transmission is allocated a market value. 

• Pooling is a possibility where the transmission costs are proportionally 
distributed among the customers.  This distribution may be based on the 
electric energy delivered (measured in kWh) or the maximum power delivery 
(measured in kW). 

Following Van Roy [120], the total transaction cost for cross-border trade of electric 
energy over the physical path, reflecting the impact on the intermediate network 
elements, can be written as follows : 

 = + +∑tot i iT G w T L  (7.1) 

with Ttot = total transaction cost 
G = generator connection cost 
L = consumer connection cost 
Ti = transit cost through zone i 
wi = weighing factor for zone i 

The cumulative fee, caused by the term containing the transit costs for all networks 
through which the electric energy flows, is called pancaking. 

7.3.2 ETSO tariff system for CBT (anno 2003) 

In a pricing system in an open market, both the Transmission System Operators 
(TSO’s) and the consumers have their own demands.  Consumers prefer a 
transparent, non-transaction based (independent of distance and load) scheme.  
TSO's on the other hand want to be fully compensated for their costs 
(Van Roy et al. [120][121]).   

Because the physical flow cannot be determined in advance, the 
total-transaction-cost equation is not practical.  Furthermore, on March 1, 2002, 
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existing national export or import tariffs as well as transit fees (pancaking) have 
disappeared (ETSO [26]).  This means that, in any case, the terms wiTi disappear in 
Eq. (7.1), leaving only G and L (ESTO [31]).  The position of EURELECTRIC is that 
G=0 is the best solution in the remaining formula.  Only when G=0, the generators 
can obtain "free" access to all consumers (EURELECTRIC [36]).   

The demand of the TSO’s for full compensation for actual network costs (including 
costs related to non-identified transactions) is met through an inter-TSO settlement 
system in which the revenues, paid to a fund installed by ETSO, are fairly 
redistributed.  Firstly, an estimate is made on how much every TSO will have to pay 
to all others based on the flows from the previous year.  Then, based on these 
estimates, the total fund value is set.  Finally, based on the actual flows, all TSO’s 
are compensated from the fund.   

The actual financing of the ETSO compensation fund is still under review and 
undergoes changes every year.   

• In 2002, 50% of the fund was raised through a fixed charge of 1€/MWh for all 
declared exports.  The remaining 50% of the fund came from a contribution of 
each country based on the net balance between import and export (ETSO [26]). 

• In 2003, the declared-export part of the fund was lowered.  Each TSO still charged 
0.5€/MWh to all declared exports.  A second part of the fund, called the net-flow 
part, is charged when net, undeclared flows in import or export directions occur.  
This second part is financed through the national transmission tariffs of each TSO.  
For perimeter countries, an injection fee of 1€/MWh is charged in this second part 
of the fund.  A third part is added to the funding mechanism in the eventuality that 
the sum of the first two parts is less than the fund value set by ETSO 
(ETSO [29][30]).  This CBT mechanism has already been implemented in several 
countries although the precise interpretation, especially of the net flow part of the 
fund, may vary (ETSO [31]).  In Belgium, for instance, ELIA will charge exporters 
0.5€/MWh for their scheduled programmes to contribute to the declared export 
fund, while the net-flow part of the fund will be raised by charging all consumers.  
In France, RTE will contribute 0.5€/MWh of the net total export balance, hour by 
hour.  Both the declared export part and the net flow part of the fund will be 
recovered through a fee on the generators (term G) at the amount of 0.18€/MWh. 

• In the proposal for 2004, the fee on declared exports will be removed (maintaining 
the 1€/MWh injection fee from perimeter countries).  ETSO emphasises that 
removing such explicit fee requires setting up adequate market-based methods 
such as auctioning (ETSO [32]). 

Although the concrete use of the CBT tariffs is still undergoing changes, ETSO 
underlines that the basic principles will be withheld (ETSO [33]).  These principles 
are simplicity, transparency and efficiency.  One of the implications of these 
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principles is that transit flows need to be compensated based on the measured 
physical flows (efficiency or fairness of the tariff).  These compensations are made in 
inter-TSO settlements.  The actual tariff, or the actual feeding of the fund, on the 
other hand does not contain explicit transit term (simplicity and transparency of the 
tariff). 

Cross-border-congestion costs are not included in the transmission tariffs 
(ETSO [29]).  A special pricing system is needed to deal with congestion.  To avoid 
discrimination by refusing access, an extra cost can be charged permitting the 
potential user to accept refusal or to pay the extra cost for access.  A possibility is 
the auctioning of transfer capacity (as it is done for the moment at the border 
between Belgium and the Netherlands).  In that case, the transfer capacity is 
assigned to a player whether it is used or not.  For a more extensive explanation of 
trading of transmission services, we refer to Smeers [102] and Pepermans and 
Willems [93]. 

7.4 Economics of CBT 

7.4.1 Introductory considerations 

7.4.1.1 Market incompleteness 

Chao et al. [14] and Smeers [102] argue that flow-based transmission rights are 
necessary for a complete and optimal electricity market in an interconnected context.  
As stated earlier in Section 7.3.2, the ETSO tariff system contains no load or distance 
elements (ETSO [26][29][30][31]) which, according to Smeers [102], is a first 
reason for incompleteness in the transmission market.   

A second reason for market incompleteness is that electric energy cannot (or only 
partly) be stored.  In a complete market, supply and demand are balanced through 
market forces.  For electric energy, supply must equal demand through actions taken 
by dispatchers because it cannot be stored (Smeers [102]).  The market 
incompleteness lies in the fact that real time markets cannot be implemented with 
current technology, and the price is set in forward markets or post computation. 

Market incompleteness also occurs in a model that solely looks at electric energy.  
The complete market also considers substitution possibilities with other energy 
carriers (such as the replacement of fossil heating by electric heating and vice versa).  
Therefore, at best, a partial equilibrium can be pursued (Bigano and Proost [7]). 
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7.4.1.2 Symmetry of information 

Symmetry of information in the electricity market means that generation prices are 
known for all agents (consumers and generators).  This is only true in perfect 
competition3, which leads to an optimal economic solution. 

In reality, symmetry of information does not exist.  Even electricity-trading bids are 
not necessarily a true presentation of generation costs.  Nevertheless, it is still useful 
to suppose perfect competition to spot deficiencies of market design.  A practical 
obstacle of asymmetric information is that there is no way to model or implement an 
infinite number of possible asymmetries (Smeers [102][103]). 

7.4.1.3 Basic assumption for our model 

As a general hypotheses, for our model, we adopt the following assumption (as 
formulated by Smeers [102]) :  “There is no market power and no asymmetry of 
information”. 

This means that generation prices are assumed to be given and known to all agents 
and that agents cannot modify them.  In one zone, prices are equal to marginal 
generation costs which implies that heuristic rules will be followed to generate power 
with the lowest possible marginal cost.  Between zones, and under the assumption of 
a spot market, one zone will import from another zone if the marginal cost of import 
is lower than the marginal cost of the local power generation. 

7.4.2 Perfect competition 

Perfect competition is, from a modelling point of view, the easiest approach 
(Smeers [103]).  But it is not the most likely market form for electricity trade 
(Bigano [6]).  Nevertheless, Bigano and Proost [7] argue that the trade patterns 
themselves are not very much affected by the kind of competition assumed.  The 
competition model will mainly affect electricity prices and thus also the demand 
levels (under Cournot competition, Bigano and Proost [7] observe higher electricity 
prices than under perfect competition).  In our model, demand is set exogenously. 

Perfect competition will be used to simulate the electricity market.  In this section, 
the theoretical conditions for perfect competition are discussed.  Later on, in the next 

                                                     
3  In theory, perfect competition is not realistic for the electric energy market.  The Cournot 

and Bertrand characteristics probably constitute the two best known paradigms of imperfect 
competition.  Under Cournot competition an actor assumes that the quantity supplied by 
the others is fixed.  Under Bertrand competition (for homogenous goods) an actor sells if its 
marginal costs are below the lowest price among rivals (and he still has capacity left).  For 
further reading on this topic, we recommend the work of Smeers [102][103], Wei and 
Smeers [131], Willems [134], Bigano [6], Bigano and Proost [7], Day et al. [19], 
Hobbs [55] and Hobbs et al. [57]. 
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section, a method is devised to practically implement this perfect-competition 
scheme in our model. 

Each producer aims at maximising profits.  The profits for producer k can be written 
as follows: 

 → → →
 
 − ⋅ −    
 

∑ ∑i k i k i k k i
i i

PRICE TransportCost QUANTITY TotalCost QUANTITY  (7.2) 

For local power delivery, →k kTransportCost  equals zero. 

The further assumptions are 

• PRICEi paid by customer i is exogenously determined 

• Demand is known, or all →= ∑i j i
j

QUANTITY QUANTITY  are given 

7.5 Cross-border-trade modelling, reasonable criteria 

7.5.1 Hypotheses and simplifications 

7.5.1.1 Net-transfer capacity 

Electricity trade can use the commercially available transmission capacity, also 
commonly referred to as the net-transfer capacity (NTC).  This NTC is the total 
transfer capacity (TTC) minus the reliability margins and reserve necessities.  For the 
moment, the NTC values are calculated and published twice a year by ETSO.  As an 
example, the NTC for several countries is shown in Figure 50.  These calculations 
result in the maximum possible transfer capacity.  The actual usable capacity may be 
lower. 

Haubrich et al. [49] mention that there is a difference between the indicative, non-
binding NTC values published by ETSO and capacity values used for the actual 
allocation of transmission rights at individual borders.  These types of capacity 
figures differ from TSO to TSO who all use the same uniform basic concept for the 
determination of cross-border transmission capacity, but sometimes differ in precise 
interpretation or parameterisation of this concept. 
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Figure 50 :  Remaining capacity and NTC for different countries (fragment of a figure taken 

from UCTE [118]); the positive ordinate refers to export; the negative ordinate refers to import 

7.5.1.2 Congestion 

In order to avoid congestion, an extra cost is likely to be added to allow market 
mechanisms to alleviate demand for cross-border transmission (ETSO [28]).  Access 
refusal would be discriminatory and is therefore unlikely to be used. 

Prior to electric-energy transmission, transport capacity may be auctioned (e.g. the 
TSO Auction at http://www.tso-auction.org/).  Long-term-network reservation (or 
MVA reservation) can lead to the exclusion of other participants which is 
contradictory to the non-discriminatory demand of the EU Directive [34][35] and 
should therefore be avoided. 

Available transmission capacity may depend on the direction.  E.g. on March 22, 
2003 at 10.00h, 318 MVA was available for transmission from ELIA to TenneT 
whereas 1075 MVA was available for transmission from TenneT to ELIA. 

In our model, congestion is avoided by assigning a maximum available transmission 
capacity to the transmission lines. 

7.5.1.3 Transmission and distribution losses 

Intra-zone 

Transmission and distribution losses within a zone are dealt with by correcting the 
demand as follows.  Demand at the consumer level is divided by the efficiency of 
transmission and distribution to obtain demand at the power-plant level.  In the 
average efficiency, both the Joule losses in the cables themselves and the 
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transformer efficiencies are taken into account.  For Belgium, the average 
transmission and distribution losses (period 1990 to 2000) amount to 5.2% 
(BFE [5]).  The total cumulated losses for high-voltage and low-voltage consumers 
are estimated at 2% and 10%, respectively. 

Inter-zone 

Transmission losses due to CBT are a different issue.  Here, losses are smaller than 
the local losses.  Electric energy is mostly transported at high voltage and only the 
Joule losses occur (ignoring possible losses in phase shifters). 

Also, the exact physical distance of the transmission is not known (recall that a 
transmission distance is difficult to define).  As already explained earlier in 
Section 7.2.1, the actual transmission path may differ substantially from the physical 
distance between the plant and the consumer in both zones. 

Because of these reasons, the cross-border-transmission losses are neglected in our 
model. 

7.5.1.4 Reactive power 

Depending on the load, the transmission grid behaves capacitively or inductively.  
The reactive-power supply and demand is a local balancing issue.  The location and 
the state (such as voltage level and reactive-power supply) of the power equipment 
and the consumers determine the reactive-power flows.  Since, in the model 
developed, all generators and consumers of a zone are combined as points, these 
local power flows cannot be modelled.  Reactive-power supply is therefore 
considered a local issue that needs to be resolved within the zones themselves, but it 
is neglected in our global model.  According to Van Roy [120], this is a reasonable 
assumption in stating that: “Reactive power limits normally do not create a problem, 
provided a proper voltage profile and reactive power distribution among power plants 
is defined in the reference load flows”. 

For cross-border transmission, only active-power flows are considered. 

7.5.1.5 Tariff 

A non-transaction-related postage-stamp system will be used in our model.  This 
means that a transaction is charged only once.  Although, according to the ETSO 
rules described in Section 7.3.2, this tariff may, for practical reasons, be divided 
between the generator (term G) and the final consumer (term L), this is irrelevant to 
our model.  We assume that the transaction costs are, in the end, all paid by the 
final consumer.  TSO’s are compensated for their expenses in an inter-TSO 
settlement by redistribution of the revenues of the ETSO fund. 

For our model, we adopt a unique and fixed transaction tariff. 
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7.5.1.6 Modelling of zones 

Because detailed description and simulation of transmission and distribution within 
zones not only goes far beyond the scope of our model but would also render it too 
complicated for simple case studies, all separate zones are represented by points 
that are connected by lines (with net-transfer capacity).  These points could also be 
interpreted as “copper plates” in which the location of generators and consumers is 
irrelevant.  Transmission and distribution losses are taken into account as average 
losses that are proportionally distributed so that total supply (corrected with import 
and export) equals demand plus transmission and distribution losses.  This approach 
is commonly used (e.g. Huse [60]). 

Reactive-power distribution is assumed to be solved within the individual points.  
Also internal congestion problems are not considered.  In reality, internal congestion 
is guarded by the local TSO by swapping. 

7.5.1.7 NTC and transit 

The point representation of zones neglects the possibility of internal congestion.  If a 
zone wants to export to another using transit through a third zone, the NTC at the 
borders may be sufficient, but internal congestion in the transit zone may render the 
transaction (partly) impossible.  For our modelling purposes, this problem may be 
resolved by defining a correction factor for possible transit of the NTC.  Care has to 
be taken that one zone may need several of these correction factors.  This is 
explained in the following example where the network illustrated in Figure 51 is 
used.  Zone A wants to export to zones Z1 and Z2 using transit through zone T.  
There are no transfer possibilities between Z1 and Z2.  Although the NTC between all 
zones suggests that it is possible to use an NTC of 1000 MVA in both cases, the 
internal transport capabilities of zone T will not allow this transaction.  From A to Z2, 
at maximum only 500 MVA can be used resulting in congestion of the A-Z1 transport 
line in zone T. 

 
A Z1 T 

Z2 

1000 MVA

1000 MVA
1000 MVA

1000 MVA
500 MVA 

 
Figure 51 :  Partial internal congestion (the values on the transmission lines indicate the NTC) 
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This is a very simple example.  In reality, much more complicated considerations 
may come into play.  An internal transmission line may be highly loaded due to 
internal transport.  Therefore, it may not be fully used for transit purposes in that 
direction.  In the other direction, on the other hand, the transit capabilities of the line 
exceed its physical limit.  Indeed, for example, a 1000 MVA line already loaded at 
800 MVA in one direction is available for more than 1000 MVA transit in the other 
direction.  In that way, transit may also bring about congestion relief. 

Therefore, the proposed correction factors for transit need to be a) directional and b) 
injection dependent.  In the example of Figure 51, the transit correction factors of 
zone T can be set at 1, 1, 0.5 and 0.5 for transit A-Z1, Z1-A, A-Z2 and Z2-A, 
respectively, if the internal transmission lines are not yet loaded.  If the 1000 MVA 
line in zone T is already internally loaded with 800 MVA in the direction from A to Z1, 
these factors change to 0.2, 1.8, 0.5 and 0.5, respectively. 

Another aspect in the internal transport structure is the actual flow.  Transit does not 
physically need to flow through the entire transit territory.  It is quite possible that, in 
the example of Figure 51, 1000 MW transit can be allowed from A to Z2 in the case 
where T uses 500 MW locally near the A-T border, and additionally generates 
500 MW near the T-Z2 border.  In this scenario 1000 MVA transit can be achieved by 
using the local 500 MVA line. 

For simplicity, in the model, internal congestion is not considered. 

7.5.2 Mathematical optimisation 

For the mathematical optimisation of power generation and CBT, Lagrangian 
relaxation is often used.  This technique will be elaborately discussed in Section 7.6. 

For mathematical optimisation all cost functions and boundary conditions need to be 
available in a mathematically manageable form.  The marginal-cost curve of a zone, 
as shown in Figure 52, does not meet these requirements.  It is composed of a 
sequential listing of individual power stations with their own marginal-cost structure. 

In order to be able to use Lagrangian relaxation, one or more functions need to be 
fitted to the actual marginal-cost curve.  This strategy is not retained here because 
the marginal-cost function is not constant in time and therefore would need to be 
redesigned repeatedly.  Indeed, the instantaneous marginal-cost curve is solely 
determined by the plants online which depends on the outage schedule and the unit 
commitment scheme.  Therefore, in our model, it is preferred to work with a 
heuristic method that allows using the original tabular marginal-cost curves. 
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Figure 52 :  Marginal-cost curve for one zone 

7.5.3 Transaction rules and criteria in sequential heuristic method 

For modelling generation in an interconnected context, the following rules and 
criteria will be used for short-term non-contractual transactions. 

Demand is considered to be known or previously determined.  The model envisaged 
is a power-generation model, not a general-equilibrium or demand-forecast model.  
For that purpose, models described in the literature can be used (see Section 0.5).   

7.5.3.1 Marginal-cost curve per zone 

Every zone contains a number of generation units, possibly owned by different 
competitors.  In perfect competition, the activation order of these units is logically 
and solely determined by their marginal costs.  Therefore, the marginal-cost curve 
for one zone is monotonously rising with activated power as shown in Figure 52.  
Since demand is postulated in our model, it can be represented as a vertical line in 
this diagram (at one particular point in time). 

Note that there is only one marginal-cost curve per zone.  This curve contains all 
power stations of all different local generators.  This is only valid in the ideal picture 
of perfect competition.  In reality every zone contains several generators with 
different marginal costs.  Depending on contractual agreements or even complete 
indifference on the part of the customer, it is possible that a generator can sell 
electricity even when his marginal cost is higher than that of some of his 
competitors.  Those subjective criteria are considered here and we assume that a 
customer will logically choose for the offer with the lowest marginal cost. 
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7.5.3.2 Export eligibility 

In perfect competition, electric energy will be imported when it is offered at a cost 
lower than the cost based on the local marginal generation cost.   

For this reason, transactions can only take place if at least one zone has already 
satisfied the local demand.  Otherwise, a generator in one zone would offer electric 
energy at a price X on the local market and at a price X plus the CBT tariff on 
markets abroad.  In the case of a postulated demand (or an instantaneous vertical 
demand function), the local consumers can always place a higher bid than the 
consumers abroad since they do not have to pay the CBT tariff.   

In the priority-listing or stack model, local demand is primarily filled in for zones 
where the marginal electricity generation cost is the lowest.  Zones whose demand is 
already met, offer electric energy to connected zones at a cost based on the 
marginal generation cost plus the CBT surplus. 

7.5.3.3 Import or local 

Once transactions can be considered, a consumer can choose between local 
generation and import from a connected zone (interpreted as an adjacent zone, 
which is a first-order simplification, see the upcoming Section 7.5.4), respecting the 
net-transfer capacity of the connection.  Again, first the demand of zones with the 
lowest marginal costs (local or import) is filled in. 

7.5.3.4 Transit 

Indirect transaction with transit through at least one other zone (allowing 
transactions between non-adjacent zones within the first-order framework, see 
Section 7.5.4), are also possible.  If an intermediate zone has met local demand, it 
can start exporting.  After the marginal demand was met by import, that zone can 
start exporting its import.  Import is immediately exported, which is, in fact, transit.   

In the case of transit, no additional transaction costs are to be implemented.  
Otherwise, the CBT tariff would have been charged twice for the same transaction.  
It is once more stressed that the CBT tariff is paid to the ETSO fund later on used to 
compensate all TSO’s.  So, although no transit fee is paid, the TSO’s dealing with this 
transit are still compensated through the fund. 

7.5.4 Illustrative example 

An illustrative example of this modelling strategy is shown in Figure 53.  The demand 
in each zone is represented by the area of the rectangles.  Electricity generation is 
not shown in Figure 53. 

In the first step, all zones try to satisfy local demand by local means at the lowest 
possible marginal cost (remember that every zone has its own marginal-cost curve).  
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Figure 53.2 demonstrates that zone A first manages to satisfy local demand, which 
enables zone A to initiate export.  In the next step, the consumers in the remaining 
zones compare local generation with the possible import from zone A.  Figure 53.3 
suggests that zone D also manages to satisfy demand by local means and is ready to 
initiate export.  In Figure 53.4, the local generation costs of zones B and E are higher 
than the import cost from zone A, being the marginal cost in zone A plus the CBT 
tariff.  Therefore, CBT from zone A to zones B and E takes place.  However, the net-
transfer capacity limit is reached and the transactions terminate before the local 
demand of zones B and E can be fully satisfied.  In Figure 53.5, zone C imports from 
zone D.  Zone E can still generate at lower costs than the import costs from zone D.  
Zone B is the last to satisfy demand.  There, consumers can choose between local 
generation, import from zones E and C (import from zone A is not an option because 
the NTC between zones A and B is reached).  In the situation of Figure 53, import 
from zone C is transit from zone D through zone C.  The cost is set by the marginal 
cost in zone D plus the CBT tariff.  Figure 53.6 suggests that this transit is the 
cheapest option. 

7.5.5 Parallel paths 

The first-order simplification used in the method described above ignores parallel 
paths.  In reality, CBT between a generator and a consumer in different zones will 
most likely partially take place in several parallel paths.  This is not explicitly possible 
in our model.  As announced before (Section 7.2.1), we consider only the contractual 
source and sink of every transaction, not the physical path.  Nevertheless, parallel 
paths may still be used when congestion takes place in the model.  For instance, in 
the representation of Figure 53, if the line AB is congested, the generator in zone A 
can export to zone E that, in its turn, exports to the consumer in zone B. 
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Figure 53 :  Example of the modelling of cross-border trade in interconnected zones, including 
export and transit (the surface of the rectangles is local demand; local electricity generation is 

not shown).  The arrows stand for the last (marginal) transactions and the crosses indicate 
which lines are congested. 

7.5.6 Imperfection of the first-order approach 

At first sight, the first-order approach for CBT may lead to sub-optimal results.  In 
the example elaborated on in Section 7.5.4, export from zone A to zone C is not 
possible because congestion occurs on the AB and AE borders.  But the customer in 
zone C may have had a higher willingness to pay for the electricity from zone A since 
its local generators operate at higher costs. 

The imperfection of the trade mechanism retained for our model is further explained 
in the following simple example with only three zones.  Zone 1, zone 2 and zone 3 
(as shown in Figure 54) can, hypothetically, generate electricity at constant marginal 
cost of 100, 105 and 110, respectively (no units are used and costs are all expressed 
relative to the marginal cost 100 of zone 1).  The CBT tariff equals 1 (postage 
stamp).  The demand for all zones is the same, say 1 (again, dimensionless).  The 
transmission capacity between 1 and 2 is 0.50 and 0.70 between 2 and 3.  Direct 
transmission between 1 and 3 is not possible.  Figure 55 and Figure 56 show two 
possible solutions for this problem. 
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NTC=0.5 NTC=0.7 

MC=100 MC=110MC=105

1 2 3 

D=1 D=1 D=1 

 
Figure 54 :  Three zones with local MC and demand interconnected by NTC 

The solution in Figure 55 is obtained according to the rules of our model.  Zone 1 
generates 1.5, zone 2 1.2 and zone 3 the remaining 0.3.  Transport is 0.5 and 0.7 
between zones 1 and 2 and zones 2 and 3, respectively.  This solution costs 310.2 
for all three zones together (1.5*100+1.2*105+0.3*110 for electricity generation 
and 0.5*1+0.7*1 for transport).  Figure 56 shows the economic optimum with a total 
cost of 309.7 for all three zones together (1.5*100+1.2*105+0.3*110 for electricity 
generation and 0.5*1+0.2*1 for transport). 

In the first solution, an electricity “package” of 1.20 is transacted (0.50+0.70) where 
in the optimal solution, only 0.70 (0.50+0.20) is transacted.  Here lies the difference, 
namely a difference of 0.50 (which equals 310.2-309.7).  This distinction only exists 
on paper; the physical transactions are in fact the same: 0.50 on the line 1-2 and 
0.70 on the line 2-3.  Only the charged cross-border transmission and the allocation 
of the traded volumes change.  In both cases, the power generation in all three 
zones in the same, namely 1.5, 1.2 and 0.3.  So there is no difference in electricity 
generation, nor in physical transport.  Only the allocation of the CBT costs changes.  
Although the comparison of the costs suggests the solution is not optimal, the 
physical solution is. 



111 Chapter 7 

1 2 3

0.70.5 
IM

PO
R

T

D
EM

AN
D

G
EN

ER
AT

IO
N

E
X

P
O

R
T

IM
PO

R
T

D
EM

AN
D

G
EN

ER
AT

IO
N

E
X

P
O

R
T

IM
PO

R
T

D
EM

AN
D

G
EN

ER
AT

IO
N

E
X

P
O

R
T

 
Figure 55 :  Solution with first-order simplification for CBT in the case in Figure 54 
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Figure 56 :  Economic optimal solution for CBT in the case of Figure 54 

7.6 Comparison of sequential heuristic method and 
perfect competition 

As discussed earlier (Section 7.5.2), mathematical calculation of the perfect 
competition equilibrium is not straightforward due to the unmanageable form of the 
marginal-cost curves. 

Without this limitation, the economic optimisation of the power generation and 
exchange problem could be achieved mathematically by minimising the total costs.  
The constraints are taken into account by using Lagrangian relaxation. 
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7.6.1 Formulation of the problem 

pi power generation of zone i  [MWh/h] 

Pi maximum possible power generation in zone i  [MW] 

Di power demand in zone i  [MWh/h] 

tij power transmission from i to j (negative if from j to i)  [MWh/h] 

Tij available net transmission capacity from i to j  [MW]4 

Ci(pi) power generation cost for zone i with generation pi  [COST/h] 

ps postage-stamp transaction cost or CBT tariff  [COST/MWh] 

Total cost ΣCi(pi) + ½*ps*Σ|pi-Di| (7.3) 

The first term in this cost function represents the local generation cost for all zones.  
The second term represents the transaction costs.  The total transactions are 
obtained by comparing local demand Di to local generation pi.  This term needs to be 
divided by two because every transaction is accounted for twice (a receiving and a 
generating zone).  The transactions are multiplied by the postage-stamp cost. 

Constraints 
pi - Σjtij = Di local demand is met 
pi ≤ Pi power output cannot exceed maximum available power 
|tij| ≤ Tij transmission cannot exceed maximum or NTC 

Objective function 

 L = ΣCi(pi) + ½*ps*Σ|pi-Di| + Σi[ λi*(pi-Σjtij-Di) + µi*(pi-Pi+Mi
2) + γij*(|tij|-Tij+Gij

2) ] 

  (7.4) 

The cost-minimisation problem with constraints is solved by calculating  

 dL / dx = 0 (7.5) 

with x successively in the role of all the variables pi, tij, λi, µi, γij, Mi and Gij. 

7.6.2 Practical implementation 

In real cases for electricity generation, the mathematical method poses difficulties 
because of the mathematical deficiency of the available data usually available in the 
representation of Figure 57 (see also Section 7.5.2).   

For the theoretical comparison and cross-check of our heuristic model and the 
Lagrangian technique, we therefore use a simple linear function for the marginal-cost 
curve, as shown in Figure 58.  This representation bears no physical meaning and is 
only used in order to theoretically compare the perfect competition equilibrium 

                                                     
4  Normally, this NTC should be expressed in [MVA].  Since we only considerer active flows in 

the model, the NTC is effectively modelled in [MW]. 
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calculated by Lagrangian relaxation to the result of our sequential heuristic 
technique. 
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Figure 57 :  Marginal-cost curve for a zone 
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Figure 58 :  Linear marginal-cost curve for a zone used to establish an economic theoretical line 

of reasoning 

In this linear representation, the marginal cost for zone i, MCi, is proportional to the 
power output pi as MCi=ai*pi.  The total cost for this zone at output level pi equals 
the surface of the triangle ½*MCi*pi or ½*ai*pi

2. 
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7.6.3 Playing field with two zones 

When the playing field is limited to two zones, the sequential heuristic method leads 
to the same result as the mathematical optimal solution since both zones will 
generate electricity at the lowest possible cost.   

There are three possibilities. 

7.6.3.1 No congestion, no limitation of supply 

In the case of transactions between both zones (without transaction the problem 
results in the optimisation of only one zone, which is a trivial case), according to the 
heuristic method, the difference in marginal power-generation cost between both 
zones must equal the postage stamp.   

For Lagrangian relaxation, the objective function can be written as follows 
(remember that there is no congestion and that the supply limits are not reached): 

 L = ½a1p1
2 + ½a2p2

2 + ps*(p1-D1) + λ*(p1+p2-D1-D2) (7.6) 

In Eq. (7.6), it is supposed that zone 1 is the exporting zone; so a1<a2. 

The optimisation problem consists of three equations: 

 a1p1 + ps + λ  = 0 (7.7) 

 a2p2 + λ  = 0 (7.8) 

 p1 +p2  = D1 + D2 (7.9) 

The marginal cost equals aipi.  So the first two equations can be rewritten as: 

 MC1 + ps = MC2 (7.10) 

This is the same result as the sequential heuristic method. 

7.6.3.2 Congestion 

When congestion occurs (transport has reached the NTC limit) the problem can be 
divided into two sequential problems.  Until congestion occurs, the game is played 
according to the rules described in Section 7.6.3.1.  Then, both zones need to 
provide electric energy locally at the lowest possible marginal cost.  This is again a 
trivial problem for one zone. 

7.6.3.3 Supply limit reached 

When one zone reaches its limit in power supply, the other zone will need to deliver 
enough for both.  This is again done at the lowest possible cost which is again a 
trivial problem. 
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7.6.4 Test cases with three zones 

As a test case, a “game” with three zones is considered: zone 1, zone 2 and zone 3.  
Zone i faces demand Di and has a power system with possible output Pi and marginal 
cost factor ai.  The NTC between the zones 1-2 and 2-3 is T12 and T23, respectively.  
Zones 1 and 3 are not directly interconnected.  In the examples, all parameters Pi, pi, 
Di and Tij are made dimensionless. 

7.6.4.1 Example 1 

The first example is discussed in detail.  The demand levels D, the available 
generation capacity P, the marginal costs MC and the transmission capabilities T are 
shown in Figure 59.  The value of the postage stamp ps is 15.  The MC is calculated 
as shown in Figure 58. 
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Figure 59 : Example 1 : test case with three zones; input 

Mathematical optimisation 

The result of optimisation by Lagrangian relaxation is shown in Figure 60.  In this 
case, none of the constraints (transmission constraint and maximum 
power-generation constraint) is reached. 

The results show that zone 1 is a net exporter (p1>D1) whereas the other two are 
net importers (p2<D2 and p3<D3).  The optimisation results in the levelling of all 
marginal generation costs.  The difference in marginal generation costs between the 
net exporter and the net importers is the value of the postage stamp.  Indeed, the 
net importers need to compare local electricity generation to the value of the 
imported electric energy, at marginal cost of the net exporter plus the value of the 
postage stamp.  The total transaction cost in this case equals 8.8 times the postage 

                                                     
5  The order of magnitude of the ps is more or less realistic.  In power plants, the marginal 

generation cost varies between 7 and 20€/MWh.  For the CBT tariff, a value of 0.5 to 
1€/MWh is mentioned by ETSO. 
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stamp (8.8 is transferred from zone 1 to zone 2 of which 2.1 is direct transit to 
zone 3).  So, zone 2 and zone 3 import 6.7 and 2.1, respectively, from zone 1.  In 
this case, the electricity generation and the transmission costs (paid to the ETSO 
fund) are 214.05 and 8.82, respectively. 

Sequential heuristic method 

The sequential heuristic method in these cases pursues the following logic. 

1. Generation is increased with the lowest possible marginal cost until at least one 
zone has met its demand.  This is zone 1.  At this stage p1=6, p2=2 and p3=3 
and the marginal cost is 6 for all zones.  Zone 1 is now ready for export to 
zone 2 at local marginal cost plus the postage stamp.   

2. Generation is again increased with the lowest possible marginal cost.  Zone 2 
can choose between import from zone 1 and local generation.  Zone 3 can only 
use local generation.  The next transition point occurs when zone 2 has also 
fully met demand.  At that point, again the marginal costs must be equal as 
seen at the borders which implies that p1=13.25, p2=4.75 and p3=7.125 at 
marginal generation costs of 13.25, 14.25 and 14.25, respectively.  At this 
stage, zone 1 already exports 7.25 to zone 2.  Now zone 2 is ready to export 
(own production or transit from zone 1) to zone 3 (and in principle also to 
zone 1, but this is irrelevant since zone 1 has already met demand). 

3. The game goes on until also zone 3 has met demand with the lowest possible 
cost.  All demand is satisfied when p1=15, p2=5 and p3=8 at marginal 
generation costs of 15, 15 and 16 respectively.  Zone 3 imports 2.00 (of which 
1.75 comes from zone 1 and 0.25 from zone 2). 

The result of the sequential heuristic method is shown in Figure 61.  Electricity 
generation and transmission cost 214.00 and 9.25, respectively.   

Comparison 

The costs resulting from the sequential heuristic method are slightly higher than in 
the optimal solution.  Power generation is cheaper, but transmission is more 
expensive.  The total cost of 223.25 is 0.17% higher than in the optimal case 
(222.86). 

It needs to be noted that 0.25 of the total 9.25 transport costs in the sequential 
heuristic case emerge from sub-optimal allocation of transaction cost rather than 
from actual differences in transport (as described in Section 7.5.6).  Indeed, zone 1 
exports 7.25 to zone 2 and 1.75 to zone 3 (with transit through zone 2).  Zone 2 also 
exports 0.25 to zone 3.  In total, 9.25 is exported.  More efficiently, and with the 
same electricity generation per zone and the same transactions per transmission line, 
these transactions could be reallocated as follows: zone 1 exports 7 to zone 2 and 2 
to zone 3 (with transit through zone 2).  This means that, in total, now only 9 is 
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exported.  So, after correction, costs of the sequential heuristic method are reduced 
to 223.00 which is only 0.06% higher than the mathematical optimum. 

The differences in cost between the optimal case and the solution obtained by using 
our method evidently depend on the cost structure itself; both the individual 
marginal-cost curves and the value of the CBT tariff.  Since most values were, 
however, selected according to realistic values, the deviation calculated here should 
also give a good estimate of the actual error. 
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Figure 60 : Example 1 : test case with three zones; result of Lagrangian relaxation 

 

T12 

10 
T23 

10 

p = 15.0 

t12 

9.0 
t23 

2.0

p = 8.0 p = 5.0 

MC = 15.0 
MC = 16.0MC = 15.0 

D = 6 
P = 20 
a = 1 

D = 12 
P = 20 
a = 3 

D = 10 
P = 20 
a = 2 

M
C

 =
 a

*p
 

p 
CBT tariff = 1 

 
Figure 61 : Example 1 : test case with three zones; result of the sequential heuristic method 

7.6.4.2 37 test cases 

In order to fully test the utility of the sequential heuristic method, a large amount of 
test cases is calculated.   

Three types of variations are imposed. 

• Single or multiple congestion.  In the first example discussed above, single 
congestion may be imposed by limiting the transmission capacity T12 between 
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zones 1 and 2 below 8.8.  Multiple congestion is achieved by limiting T12 below 
8.8 and T23 below 2.1. 

• Single or multiple insufficiency in generation capacity.  One or more of the zones 
are now considered to have insufficient capacity to deliver demand.  In the first 
example discussed above, single insufficiency in generating capacity may be 
imposed by limiting the generating capacity P1, P2 or P3 to less than 14.8, 5.3 and 
7.9, respectively. 

• Single or multiple marginal cost alteration.  This could be achieved by altering the 
marginal cost coefficients a.  For these examples, the marginal cost alteration is 
achieved by permutation of the zones 1, 2 and 3. 

Following these variations, 37 possible combinations are simulated.  The differences 
are shown in Table 16.   
 

difference between sequential heuristic method 
and mathematical optimum 

number of occurrences 

exact 14/37 
error < 0.5% 16/37 

error 0.5% — 1.0% 4/37 
error 1% — 2% 3/37 

Table 16 :  Comparison of sequential heuristic method and mathematical optimum for 37 test 
cases 

After correction of the transmission deficiencies in the sequential heuristic method —
which do not result in an alteration of the individual electricity generation profiles, 
but merely in the reallocation of the emerging transmitted packages— these 
differences are drastically reduced as shown in Table 17.  This means that the 
differences between both methods are not mainly caused by differences in power 
generation or actual physical transmissions between zones, but lie in contractual 
allocation of these transaction packages. 
 

difference between sequential heuristic method 
and mathematical optimum 

number of occurrences 

exact 29/37 
error < 0.1% 8/37 

Table 17 :  Comparison of sequential heuristic method and mathematical optimum for 37 test 
cases after reallocation of transmission costs 

7.6.5 Test case with four zones 

The comparison between the sequential heuristic method and the mathematical 
optimisation becomes more complicated with an increasing number of zones.  
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Therefore, the playing field of the three zones is further expanded as shown in 
Figure 62. 

In order to limit the number of tests, only the case with the worst results in the three 
zone test case is withheld.  Zone 4 is added and can further be varied with respect to 
congestion at the borders or limit in generating capacity.  This case is shown in 
Figure 62. 
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Figure 62 :  Test case with four zones; input 

The output for the sequential heuristic method (after reallocation of the transaction 
costs) and the mathematical optimum for this case is shown in Table 18.  The total 
cost of the sequential heuristic method is 0.09% higher than the mathematical 
optimal cost (compared to 0.08% for the corresponding three-zone test case). 

Also a case without transmission capabilities between zones 2 and 4 is compared.  
Here, the difference between the sequential heuristic method and the mathematical 
optimum is even smaller than was the case with only three zones (difference of 
0.07% instead of 0.08%). 
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 T24 = 10 T24 = 0 

 
mathematical 

optimum 

sequential 
heuristic 
method 

mathematical 
optimum 

sequential 
heuristic 
method 

p1 5.47 5.62 5.47 5.60 
p2 15.40 15.87 15.40 15.79 
p3 8.20 7.93 8.20 7.90 
p4 10.93 10.58 10.93 10.71 
t12 -4.58 -5.07 -5.88 -6.22 
t23 2.21 2.35 3.52 3.57 
t14 -1.96 -1.31 -0.65 -0.18 
t24 2.62 2.44 0.00 0.00 
t34 0.41 0.29 1.72 1.47 

transmission cost 9.40 9.87 9.40 9.79 
generation cost 320.30 320.14 320.30 320.14 

total cost 329.70 330.01 329.70 329.93 

Table 18 :  Results for test case with four zones 

7.7 Conclusion on cross-border transmission 
Cross-border trade is modelled under the assumption of perfect competition.  
Translated to our model, this implies that prices —in the form of marginal generation 
costs— are known to all agents and that customers choose rationally in function of 
these marginal costs. 

Cross-border transmission losses are neglected because they take place at constant 
high voltage (where only the Joule losses occur) and over small (unknown) distances 
(transmission and distribution losses inside the perimeter of a zone is already 
accounted for in the local losses).   

Congestion is avoided by modelling transmission lines according to their net-transfer 
capacity and reactive power flows are not considered. 

In agreement with the ETSO principles of transparency and fairness, for the 
cross-border-trade tariffs, a postage-stamp system is used without distance or load 
elements. 

For the modelling of CBT, a sequential heuristic method is developed in which strict 
rules are followed for power delivery to the different zones.  This method was 
cross-checked for power systems with linear marginal cost functions.  A number of 
“games” pointed out that the difference between the result of our sequential 
heuristic method and the perfect-competition equilibrium was never higher than 
0.1%. 

 



 

8. EXPANSION OF THE POWER SYSTEM 

8.1 Summary 
For the expansion of the power system, an “exogenous advisor” is developed.  This 
advisor gives an objective advise based on the net present costs of all technologies 
considered, the demand prognoses and the economic context.  The advisor also 
respects a consistent mix of base-load, mid-load and peak-load units in the 
composition of the power system.  The unreliability of the power system, expressed 
in a chosen LOLE limit, is used to trigger investments. 

8.2 Introduction 
Power suppliers will invest in new capacity whenever it is profitable. 

Once local generation requirements are determined, dependent upon the price and 
thus on the technologies used, a power system is dimensioned in order to provide 
electric energy, including export, with an acceptable reliability1.  This means that not 
only demand needs to be met, but that also a well-considered reserve margin is 
needed.  Often, the power system will have to be expanded or adapted.  This is 
usually the case when demand increases, old units are decommissioned and need to 
be replaced or whenever reserve2 becomes insufficient. 

For intermittent power sources, power-system expansion necessity has already been 
discussed in Chapter 1. 

8.3 Methods for power-plant-expansion necessity 
The literature displays a distinct difference in how engineers and economists 
approach the necessity of power-plant expansion.  Whereas engineers like to 
compute the physical need for power stations for a given demand pattern, 
economists prefer to optimise a set of interdependent variables such as 
power-generation levels, the structure of the supply industry, electric-energy demand 
and the driving and resulting electricity prices. 

Both approaches have their merits and shortcomings.  The engineering approach 
results in a system that “works” reliably, but lacks economic strategy and usually 

                                                     
1  Reliability of power supply has been discussed in Chapter 4. 
2  Reserve planning has elaborately been discussed in Chapter 5. 
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neglects the interaction between investment strategy, electricity prices and electricity 
demand.  The economic approach, on the other hand, furnishes a system in which 
demand and supply are theoretically optimally balanced, but it often neglects the fact 
that generators have an obligation to provide partly unpredictable demand almost 
instantaneously. 

In the following section, some approaches for power-plant expansion are explained. 

8.3.1 Probabilistic versus deterministic methods 

8.3.1.1 Deterministic criteria 

The necessity for power-plant expansion can be modelled by simple rule-of-thumb 
criteria.  The total power-capacity requirement is expressed as a function of the 
maximum (or peak) power actually to be generated, say, on an annual basis.  The 
size of the power system must exceed this maximum demand; either by a 
percentage or by a fixed value.   

In the MARKAL simulation code [40], e.g. reserve capacity of the power sector is 
expressed as a fraction of the capacity required to meet the electric demand in the 
time interval with the largest load.  This fraction can be defined by the user in the 
data input tables.  In MARKAL, a distinction is made between peak-power and other 
units. 

8.3.1.2 Probabilistic methods 

Probabilistic methods for power-system expansion are typically based on loss-of-load 
methods in which an expected failure of the system is calculated or expected-
unserved-energy methods including information on the amount of energy expected 
not to be delivered.  These probabilistic methods have already been defined in 
Chapter 5 on minutes-reserve planning. 

The ELECTRIC module of ENPEP [64] (more commonly known as the similar 
WASP-III computer code of the IAEA) measures the reliability of the system in terms 
of reserve margin, loss-of-load probability (LOLP) and expected-unserved energy 
(EUE). 

Billinton and Allan [8] describe a method based on the LOLE (in days per year) of a 
generating system confronted with a given load-duration pattern.  This method also 
uses capacity-outage tables as described in Chapter 5.  Billinton and Allan [8] 
mention an acceptable value for the LOLE of 0.1 days per year.  Other sources 
[23][22] mention values for the LOLE ranging from 0.1 to 0.3 days per year. 

Fockens [41] also uses capacity-outage tables and criteria such as LOLE and EUE to 
evaluate system reliability.  According to Evans et al. [37], dynamic programming 
techniques (such as LOLP and EUE) represent realistic reliability measures, but suffer 
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the curse of dimensionality for realistically sized power systems, resulting in a large 
computation time.  Smith and Villegas [104] compare several models and conclude 
that, within their specific assumptions, dynamic programming techniques lead to 
more optimal results than heuristic methods and mixed-integer linear programming. 

In contrast to minutes-reserve considerations, where only the reliability of the 
committed part of the power system is tested, in power-plant-expansion 
considerations the entire system capacity is taken into account.  Billinton and 
Allan [8] also mention that maintenance needs to be considered. 

Care has to be taken that the expansion strategies need to be based on the needs 
for power generation, and not for power demand.  The difference between both is 
the import-export balance. 

8.3.1.3 Situation in UCTE in 2002 

UCTE regularly reports on the methods used to determine the generation adequacy 
in several European countries (UCTE [116]).  Some countries use probabilistic 
methods (e.g. Belgium uses a LOLE of 16 hours per year).  Others, such as Greece, 
use deterministic methods for the short term and probabilistic methods for the long 
term.  Still others, such as Spain, solely use deterministic methods.  Some countries, 
such as the Netherlands where a “National System Code” is used, use no generation 
adequacy criteria. 

8.3.2 Economic equilibrium 

Power-plant-investment strategies can be optimised economically (Murphy and 
Smeers [86]).  Price, demand levels and investment choices are optimised for the 
generators in question by maximising profit.  Assumptions need to be made on the 
type of competition that is applicable for our model.  Perfect competition is an ideal 
case.   Since the number of generators is relatively small (which means they can 
each influence the price) an oligopolistic3 market is more realistic.  In such cases, a 
Nash4 equilibrium is more appropriate than a perfect-competition equilibrium.  The 
problem with a Nash equilibrium is that it is not unique; multiple solutions are 
possible, depending on the strategies of the players it is impossible to a-priori 
ascertain which solution the market selects (Smeers [102]).  Willems [134] argues 
that, if demand is known and supply is differentiable, there are an infinite number of 

                                                     
3  In oligopolistic markets, only a few companies account for most of total production.  

Because only a few plants are competing, the actions of each company affects its rivals and 
how its rivals are likely to react.  These actors also have the ability to influence prices 
(Pindyck and Rubinfeld [95]). 

4  Nash equilibrium : Set of strategies or actions in which each company does the best it can 
given its competitors' actions.  In other words, each company is doing the best it can, given 
what its competitors are doing (Pindyck and Rubinfeld [95]). 
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Nash equilibria.  When demand is also variable or price dependent, the number of 
equilibria diminishes.  Therefore, such an imperfect market is often simulated as 
Cournot5 competition, which implies that first the quantities (investment) are set and 
then prices.  For further reading on Cournot competition in electricity markets, we 
refer to Willems [134]. 

When only power generation is modelled, a partial equilibrium model can be used 
(Bigano and Proost [7]) by disregarding that power demand is also function of the 
prices of other energy products.  Possibly, this effect can be accounted for 
exogenously from experience gained in the literature. 

Sowiński [105] also includes uncertainty.  Indeed, given the uncertainty of prices and 
demand, an investor may choose to postpone irreversible investments.  Therefore, 
classical investment rules based on net present value may be incorrect.  To model 
this uncertainty, Sowiński uses random walk and Brownian motion to help the 
investor make his decision. 

8.3.3 Conclusion on methods for power-plant-expansion necessity 

8.3.3.1 Observations 

Although power-plant expansion seems a trivial issue, it is not.  Demand, supply, 
investment strategy and energy prices are all interdependent.  For given supply and 
demand curves, technological alternatives and local boundary conditions such as 
possibilities for hydro and wind, a theoretical optimal power system can be 
computed.  If these parameters are the same or comparable for different players, 
one type of plant logically prevails in the economic choice (at a given time and 
place).  This means that most power systems should, in theory, have a comparable 
composition.  This is not observed in the real world.  All power systems are different 
and most of them consist of a large variety of technologies.  The differences between 
players can be partly explained by local policy (such as environmental policies or 
government subsidies) and available resources.  A power system composed of a 
broad spectrum in technologies may, when solely comparing the costs over the 
lifetime of the plants, be less favourable but, in return, may grant valuable flexibility 
from a strategic point of view. 

Most optimisation models enable the model operator to include deviations (or 
escapes) from the theoretical optimal path.  Some examples from the literature are 
listed here. 

                                                     
5  Cournot model : Model for an oligopolistic market in which companies produce a 

homogeneous good and where each company treats the output of its competitors as fixed, 
and all companies decide simultaneously how much to produce (Pindyck and 
Rubinfeld [95]). 
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• In MARKAL [40] it is possible to define upper or lower bounds for 
technologies or energy carriers and to limit the growth of energy-carrier 
resource activity.  The “reasonableness” of such outsider intervention is 
illustrated by Loulou and Kanudia [77] who observe a drastic sudden shift in 
power generation from 90% coal to way under 10% in Alberta (Canada) 
when MARKAL is run without restrictions.   

• Proost and Van Regemorter [98] impose a nuclear moratorium constraint for 
the Belgian power system in MARKAL to later on (in a sensitivity analysis) 
come to the conclusion that this nuclear moratorium is not the economic 
optimal solution.   

• Andersson and Haden [1] use the DELMARK model (also a dynamic partial 
equilibrium model) with several exogenous restrictions such as an import limit 
of 10 TWh per year and an upper limit of annual power generation from 
biomass of 10 TWh (although the potential is often claimed to be larger for 
Sweden).   

Welfonder [132] argues that beyond economical optimisation and profit 
maximisation, the deregulated market also needs measures to guarantee secure and 
reliable operation of power plants and the grid, with respect to bottlenecks, 
maintenance strategies and especially system expansion. 

8.3.3.2 Distance to equilibrium 

Power-system expansion (and therefore also its modelling) is a progressing process.  
The model always starts from a given situation of demand and supply structure, even 
if this situation is not optimal.  So it is of little or no importance (and not even useful) 
to be able to devise a perfect theoretical power system from scratch; only evolutions 
from the given situations can be optimised. 

At time zero, the situation is given.  From there onwards, the model develops 
plausible evolutions, all leading to a nearby optimum which may very well not be the 
absolute optimum6.   

8.3.3.3 Model choice 

The purpose of this research is to devise a generation model in an internationally 
interconnected context whereby it should be possible to study, among others, 
investment and transaction actions in response to CO2-emission targets.   

Only power generation will be modelled in this work.  Therefore, the interaction with 
alternative energy carriers is intrinsically not taken into account.  This means that we 
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can at best simulate an incomplete market and we can only obtain a partial 
equilibrium.  Since demand interaction with other energy carriers cannot be 
modelled, demand is imposed and altered exogenously.  Clearly, this exogenous 
procedure needs to be well defined and thought through.  Information on interaction 
between electric and non-electric energy demand, supply and prices can be taken 
from literature or from the results of simulations (e.g. MARKAL).   

A probabilistic method is chosen for power-system-expansion necessity, limiting the 
LOLE of the power system for an estimated given generation level (local demand 
plus export minus import).  The choice for the technology used, or the power-plant 
selection, will be based on the economic ranking of the technologies for each player 
and for the period envisaged. 

8.4 Criteria for power plant selection 

8.4.1 Economic Criteria 

According to Kleinpeter [68], there are several methods for energy-investment 
planning.  Kleinpeter discusses the net-present-value method, the annuity method, 
the internal-interest rate and the critical-value method.  These methods are actually 
nothing more than a straightforward application of the usual “engineering-
economics” principles (Chambers and Lacey [13]). 

The net-present-value method quantifies the difference between incomes and 
expenses at a given moment over an adopted time period.  The annuity method is 
commonly used to investigate the status of the investment per time period.  The 
internal-interest rate is used for the economic evaluation of an investment.  The 
critical-value method measures the limit of profitability of an investment. 

The net present value at time 0 is defined as follows: 

 ( )
n

n n 1
0 i i n

i 0
NPV E A (1 p) S (1 p)− − −

=
= − ⋅ + + ⋅ +∑  (8.1) 

with p  = discount rate 
n  = number of years 
A0  = initial investment 
Ei  = incomes for year i 
Ai  = expenses for year i (including primary energy costs) 
Sn  = residual or salvage value after (or at the end of) year n 

                                                                                                                          
6  Pokharel and Ponnambalam [96] discuss a test problem for the electrification of households 

in a typical developing country.  This is a very interesting case study since, for this 
particular case, the electric system can be largely developed from scratch. 
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Also in the ELECTRIC module of ENPEP [64], the present value of the overall costs 
(including capital, fixed and variable operation & maintenance and fuel costs) are 
used to measure the economic performance of alternative expansion patterns.   

MARKAL [40] similarly uses the sum of all costs in the system discounted for all time 
periods as an objective function.  The SALVAGE function in MARKAL provides a 
correction to the end-effect problem which occurs when the technological lifetime 
extends beyond the time period considered in the model. 

8.4.2 Economic parameters 

The parameters that need to be accounted for in the economic expansion criteria are 
taken from the MARKAL database 2002 [79].  The groups of economic parameters 
are total cost of investment, annual fixed operation & maintenance (in short O&M) 
cost and annual variable O&M cost.  In order to make a complete assessment, also 
the following parameters are taken from the MARKAL database : lifetime, 
primary-energy carrier(s), overall efficiency (or overall energy use), annual use and 
emission data.  The emission data are needed to evaluate a possible emission tax.  
Also data on the primary-energy carriers are needed.  All parameters required are 
listed in Table 19.  The hypothetical monetary unit “COST” is used. 
 

code description units 

TI total investment cost COST/We 
FOM annual fixed O&M cost COST/We.a 
VOM variable O&M cost COST/Whe 

L lifetime a 
PEnU primary-energy use Jprim/Whe 

U annual use hours/a 
EmR average CO2-eq emission responsibility kgCO2-eq/Whe 

PEnC primary energy cost COST/Jprim 

EmT emission tax COST/kgemission 

EnT primary energy tax COST/Jprim 

Table 19 :  Parameters needed for economic power-plant evaluation 

8.4.3 Net present cost 

The net-present-cost equation7 can now be written as follows 

                                                     
7  In Eq. (8.2), we switch from net present value to net present cost.  The terms Ei from 

Eq. (8.1) representing the income for each year are left out.  The revenues are set by the 
electricity price that will be determined by the market. 
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The dimension of K0 is COST0/We. 

The average emission responsibility can also be written as a function of fuel 
parameters and technological parameters of the system considered.  In some cases, 
the parameter EmR [kgemission/Whe] can be written as the product of the 
primary-energy use PEnU [Jprim/Whe] and the emission responsibility of the fuel 
[kgemission/Jprim].  This is however not possible in all cases.  NOx emissions, for 
instance, are only partly related to the primary-energy carrier since they also 
(mainly) depend on the technology used (especially on the temperature of 
combustion and the fuel-to-air ratio).  SOx, NOx, particle and even CO2 emissions can 
be (partly) extracted from the flue gasses, which also alters the direct connection of 
primary energy to technological emissions.  For this end-of-pipe extraction, also the 
investment cost of the extraction equipment needs to be accounted for.  Therefore, 
the parameter EmR will be used and defined for each technology-fuel combination. 

The present cost per unit of electric-energy generation can be written as 

 =
⋅
0

0
K

k
U N

 (8.3) 

with U  = actual annual use [h/a]  
N  = min(L,n) 

Some comments are required here.  M is the time horizon of the model (relative to 
the investment year 0 in Eq. (8.2) for K0).  If the lifetime L of the technology fits 
within the modelling time horizon, then L=n and Sn=0 (hereby disregarding the scrap 
value of the equipment).  If, on the other hand, L>M, then n=M and the salvage 
value Sn after year M needs to be taken into account to make a fair assessment.  The 
timeline in this case is represented in Figure 63.   

0 M 

time horizon of the model 

lifetime of the equipment, L 

time [year]
M+1 L-M-1 

 
Figure 63 :  Lifetime of the technology and time horizon of the model 
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In order to determine the salvage value, first some other economic terms are 
introduced (taken from Hendrickson and Au [50]): 

 capital-recovery factor  : 
( )−

=
− +

i i
p

CRF
1 1 p

 (8.4) 

 net present value of the investment8  : ( ) t
tNPVI V 1 p −= ⋅ +  (8.5) 

   with Vt the value at time t 

 net-equivalent uniform annual value  : h hNUV NPVI CRF= ⋅  (8.6) 

   with h the planning horizon. 

When only the investment is looked at, the NPVI at time zero equals the investment 
cost TI0.  NUVL represents the uniform value needed each year to cover the charges 
of the initial investment over the total lifetime of the equipment.  CRFL, therefore, 
represents the fraction of the investment that can be recovered every year.  Note 
that CRFL is not a normalised fraction; the sum of all fractions exceeds one for a non-
trivial discount rate.   

A fair salvage value at time M can be set as follows.  NUV, or the annual uniform 
value of the equipment, should be independent of when the equipment was 
purchased.  Consider two potential users.  The first one buys the new equipment at 
time 0 at costs TI0.  The second one buys exactly the same equipment second hand 
after year M at the salvage value SM.  The annual uniform value for both users 
should be the same.  The first user sees this value for L years, whereas the second 
user only sees it for L-M-1 years.  Therefore: 

 − −⋅ = ⋅0 L M L M 1TI CRF S CRF  (8.7) 

This defines a fair salvage value beyond year M as 

 
− −

= ⋅ L
M 0

L M 1

CRF
S TI

CRF
 (8.8) 

This is also the definition of the salvage value in MARKAL [40]. 

8.5 Endogenous versus exogenous 
A model can be implemented based on criteria for the necessity of power-system 
expansion and power-plant selection.  With respect to the overall energetic-electric 
model, the power-plant-expansion problem can be approached endogenously or 
exogenously.   

                                                     
8  In Eq. (8.5) only the investment is looked at.  Costs and revenues are not relevant in the 

determination of the salvage value. 
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As has already been mentioned in Sections 8.3.1.1 and 8.3.1.2, in MARKAL [40], the 
power system is endogenously expanded to obtain an economically optimal solution 
over the time horizon modelled.  It is possible, however, to define restrictions for 
individual technologies.  The ELECTRIC module of ENPEP [64] can be operated 
endogenously or exogenously.  The module can interact with the overall model, but 
can also be operated by itself.  MODEST [51] is also an energy-system-optimisation 
model that uses linear programming to determine the optimal expansion strategy 
endogenously.  An interconnected model should go even further than the local 
optimisation embedded in the models mentioned.  There, also competition between 
players should be taken into account. 

An endogenous model has the advantage that the model “operator” does not have to 
make choices.  This means that the output of the model is independent of the 
decisions made by the model operator.  Also, the model does not necessarily need to 
be operated by an expert in the field.  The results can also be considered to be 
“objective”, at least if the model strictly operates endogenously, without any 
interference by the operator.  The problem with an endogenous model is that it 
might hamper the interpretation of the results.  It is often not possible to investigate 
different parameters and isolate their individual influence on the results.  Also human 
irrationality or gambles are difficult to simulate endogenously. 

An exogenous approach, as used in PROMIX [128], on the other hand, has the 
advantage that the interpretation of the results is easier, e.g. sensitivity studies are 
simpler to perform as all parameters can be varied separately.  The main drawback is 
that these models may lack objectivity and are easily manipulated by the “operator” 
of the model.  Exogenous models are only credible when an extended parameter 
variation of the decisions is performed.  An example of such an extended parameter 
study can be found in Voorspools and D'haeseleer [125] where fuel prices, 
investment strategy, demand evolution and the possible implementation of a CO2- or 
energy tax are varied in order to estimate their impact on the results.  A different 
way of interpreting the exogenous approach is to realise that the power system is a 
hypothesis in contrast to, e.g. MARKAL, where the system is a result of endogenous 
optimisation.  The exogenous approach can, in fact, be considered as a test to 
establish where a certain strategy will lead to. 

For our generation model, an exogenous approach is used, further called an 
exogenous advisor.  This is an exogenous, but objective, implementation device. 

8.6 Use of the exogenous advisor 
As input for the exogenous advisor, data are needed on  

• the existing power system with all individual power units and their 
remaining lifetime (and the other required details as shown in Table 19); 

Expansion of the Power System 132  

• the possible candidates for new plants (with all required details, Table 19); 

• demand prognoses; 

• primary-energy prices; 

• energy and emission taxes. 

Furthermore, also a discount rate and an acceptable value for the LOLE need to 
stated. 

8.6.1 Types of power plants 

In the model, three load types are used: base load, mid load and peak load.  

Base-load plants are power plants that operate at full load when activated.   

Mid-load plants are on line most of the time, but do not necessarily operate at full 
load.  They are usually not shut down and reactivated, but remain on line and are 
modulated in order to match demand. 

Peak-load plants can be activated and deactivated rapidly. 

Some power plants can belong to more than one category.  For instance, a 
combined-cycle gas-fired unit can be operated in base load, but can also be used as 
mid load or even peak load. 

The definition of the limits of these three load levels (Figure 64) also needs to be 
stated in the model by means of the load-duration curve of Figure 64.  Load is called 
peak load when it occurs only during a limited time per year.  This time limit is called 
the peak-load limit, PLL.  Base load needs to be delivered most of the time.  The 
time duration that load exceeds base load is called the base-load limit, BLL.  The rest 
of the load, occurring between PLL and BLL is mid load.  Capacity is installed 
according to these proportions. 
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time load exceeds indicated value 

mid load

base load

PLL BLL

load-duration curve 

 
Figure 64 :  Base load, mid load and peak load (PLL and BLL stand for peak-load limit and 

base-load limit, respectively) 
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Based on the load-duration curve and the PLL and BLL, an annual use U can be 
determined for each load type. 

8.6.2 Loss-Of-Load Expectation, LOLE 

For LOLE, data on electricity demand and plant-specific data are needed. 

The plant-specific data, the power of all units and the reliability of the plants, are 
used to establish capacity-outage tables (as explained in Chapter 5).  These capacity-
outage tables are then compared to the demand pattern to determine which power 
system is needed to satisfy the selected LOLE level.  If the LOLE drops beyond the 
specified level, new capacity is required. 

8.6.3 Case study 

The following hypothetical case study is worked out in detail to explain the actual 
functioning of the exogenous-advisor approach. 

8.6.3.1 Power system 

The power system at year zero is shown in Table 20.  The decommissioning year, 
relative to year zero, is mentioned in this table for all individual power plants.  The 
type 2 plants are partly ranked under base-load and partly under mid-load units. 
 

power plant unit power availability load type 

type # MW %  
decommissioning year 

after year zero 

1 5 1000 91 base 5 5 15 15 15 
2 6 300 90 base 3 3 7 7 12 12 
2 4 300 90 mid 1 5 8 16 
3 10 300 94 mid 1 1 4 4 4 4 11 11 11 11
4 10 200 92 mid 2 4 6 8 10 12 14 16 18 20
5 10 100 89 peak 3 3 3 3 12 12 12 12 12 12

Table 20 :  Power system used in exogenous advisor test procedure at year zero 

The capacity-outage table of this power system is plotted in Figure 65.  The top 
figure shows the outage probability for all figuring outage levels.  The bottom figure 
is the cumulative outage probability function.  These outage functions depend on 
demand and the power system. 
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Figure 65 :  Capacity-outage table for the power system at year zero9 

8.6.3.2 New power plants 

The candidates for new power plants are listed in Table 21.  For simplicity in this 
case study, all parameters in this table are kept constant over the planning horizon.  
In reality, the values may change (e.g. plants can become cheaper or new plant 
types may be introduced).  The codes of Table 19 are used in this table.  The costs 
are expressed in the unit COST and the emissions in the unit EMIS.  Although 
hypothetical values and plants are used, the trained reader will be able to recognise 
existing plants.  As a guideline for the relative values, the MARKAL database [79] is 
used.  Variable costs are assumed to be primary-energy costs only.  Table 21 
contains costs for the primary energies used. 

Base-load plants are assumed to operate for 8000 h/a, mid-load plants for 4500 h/a 
and peak-load plants for 200 h/a.  The values are estimates and are only used as 
guidelines for investment decision making in the exogenous advisor.  Later on, in the 
generation model, the actual operation time is calculated.  The values are also 
multiplied by the availability to obtain the actual annual operation time. 

                                                     
9  See Section 5.5.1.1 for an explanation of the composition of such capacity-outage tables. 
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plant unit 
power 

utility 
factor 

load 
type 

primary 
energy L TI FOM PEnU EmR PEnC 

type MW % 
Base B 
Mid M 
Peak P 

 years COST per 
MWe 

COST per 
GWe.a 

Whprim 
per Whe 

gEMIS per 
kWhe 

COST per 
PJprim 

A1 1000 85 B A 40 80.0 1490 2.60 0 32 
A2 1000 85 M A 40 99.0 2130 2.60 0 32 
B1 300 86 B/M B 20 25.0 990 1.82 400 143 
B2 200 92 B/M B 30 27.1 1270 2.60 500 143 
C1 300 84 B/M C 30 38.4 1320 2.33 875 63 
C2 400 84 B/M C 30 40.9 1320 2.13 800 63 
C3 300 83 B/M C 25 54.8 1700 2.15 600 63 
D1 300 90 B/M D 20 25.0 990 1.82 600 180 
E1 200 84 B/M E 30 40.0 1320 3.00 1000 56 
R1 100 95 B R 40 99.7 1000 0 0 0 
R2 5 30 B R 25 30.0 1500 0 0 0 
R3 1 15 B R 25 30.0 1200 0 0 0 
Z1 100 89 P B 15 19.9 299 2.50 500 143 
Z2 50 80 P D 15 19.9 299 3.03 650 180 
Z3 50 85 P B 15 30.0 180 2.93 550 143 

Table 21 :  Power plants used in exogenous advisor 

The energy tax and emission tax structure is shown in Table 22.  Three alternatives 
are simulated.  In tax structure 1, no taxes are imposed.  In the other tax structures, 
from year six on, taxes are imposed: an energy tax in tax structure 2 and an 
emission tax in tax structure 3.  A perfect foresight model will be used.  This means 
that the information for the future is considered to be known. 
 

 year 0  5 6  

tax structure 1 energy tax  [COST/PJprim] 0 0 
 emission tax  [COST/ktonEMIS] 0 0 

tax structure 2 energy tax  [COST/PJprim] 0 60 
 emission tax  [COST/ktonEMIS] 0 0 

tax structure 3 energy tax  [COST/PJprim] 0 0 
 emission tax  [COST/ktonEMIS] 0 1 

Table 22 :  Energy taxes and emission taxes used as examples in the investment strategy of the 
exogenous advisor 

8.6.3.3 Preference list for new power stations 

In the following tables, the preference lists for new power stations are shown for 
each tax structure and for every investment year for a ten-year time horizon.  The 
preferences for all load types (base, mid and peak) are also marked.  Only the top 5 
plants are shown.  Peak plants are not shown.  In all cases, the peak plant of type Z3 
was preferred. 
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Table 23 shows the preference list without energy or emission taxes.  In this case 
the preferences remain constant throughout the ten-year period.  For base load, the 
top three is R1, C2 and A1.  For mid load the top three is C2, C1 and E1. 

Table 24 shows the preference list when an energy tax is imposed from year six 
onwards.  For base load, the preference list is constant in time but differs from the 
one in Table 23.  The top three is now R1, R2 and C2.  For the mid-load power 
plants, the preference list alters in time.  In year zero, the top three is C2, C1 and E1 
whereas from year one, the top three is C2, C1, B1.  In comparison with the case 
without taxes, the less efficient plants (such as A1 and E1) drop in priority whereas 
the more efficient plants (such as B1 and R2) rise in priority. 

Table 25 shows the preference list when an emission tax is imposed.  Now, the 
low-emission plants (such as A1, A2, B1, R2 and even C3) gain in priority in favour of 
plants with higher emissions (such as E1, C1 and C2).  The preference list is not 
constant throughout the ten year period.  For base load, the top three is R1, A1 and 
R2.  For mid load, the top three is C2, B1 and C1 in year zero, whereas in year ten 
the top three has become A2, B1 and C2. 
 

Load Plant net present cost per GWhe in year n 
  n=0 n=1 n=2 n=3 n=4 n=5 n=6 n=7 n=8 n=9 n=10 

A1 1.20 1.22 1.25 1.28 1.31 1.34 1.38 1.41 1.45 1.48 1.52 Base C1 1.23 1.26 1.29 1.32 1.35 1.38 1.42 1.45 1.49 1.53 1.56 
 C2 1.19 1.22 1.25 1.27 1.31 1.34 1.37 1.40 1.44 1.47 1.51 
 E1 1.34 1.37 1.41 1.44 1.47 1.51 1.55 1.58 1.62 1.66 1.71 
 R1 0.75 0.77 0.78 0.80 0.82 0.84 0.86 0.88 0.90 0.93 0.95 

B1 1.95 2.00 2.05 2.10 2.15 2.20 2.25 2.31 2.36 2.42 2.49 Mid C1 1.65 1.69 1.73 1.77 1.81 1.85 1.90 1.95 1.99 2.04 2.10 
 C2 1.62 1.66 1.70 1.74 1.78 1.82 1.87 1.91 1.96 2.01 2.06 
 C3 2.02 2.07 2.12 2.17 2.22 2.27 2.33 2.38 2.44 2.50 2.57 
 E1 1.77 1.81 1.85 1.90 1.94 1.99 2.04 2.09 2.14 2.19 2.25 

preference indication priority 1 priority 2 priority 3 priority 4 priority 5 

Table 23 :  Power-plant-investment preference list10, result with tax structure 1 (Table 22) 

Load Plant net present cost per GWhe in year n 
  n=0 n=1 n=2 n=3 n=4 n=5 n=6 n=7 n=8 n=9 n=10 

A1 1.58 1.65 1.72 1.81 1.92 2.05 2.23 2.28 2.34 2.40 2.46 Base C1 1.58 1.64 1.71 1.79 1.89 2.02 2.18 2.23 2.29 2.35 2.41 
 C2 1.50 1.56 1.63 1.71 1.80 1.92 2.07 2.12 2.17 2.22 2.28 
 R1 0.75 0.77 0.78 0.80 0.82 0.84 0.86 0.88 0.90 0.93 0.95 
 R2 1.49 1.52 1.56 1.59 1.63 1.67 1.71 1.75 1.80 1.84 1.89 

B1 2.22 2.30 2.38 2.47 2.57 2.69 2.85 2.92 2.99 3.06 3.14 Mid C1 1.99 2.07 2.15 2.24 2.35 2.49 2.66 2.72 2.79 2.86 2.94 
 C2 1.94 2.01 2.08 2.17 2.28 2.40 2.56 2.63 2.69 2.76 2.83 
 C3 2.34 2.42 2.51 2.60 2.72 2.86 3.03 3.10 3.18 3.26 3.34 
 E1 2.21 2.30 2.40 2.51 2.64 2.81 3.02 3.09 3.17 3.25 3.33 

preference indication priority 1 priority 2 priority 3 priority 4 priority 5 

Table 24 :  Power-plant-investment preference list, result with tax structure 2 (Table 22) 

                                                     
10  The priority is determined by selecting the technology with the lowest net present cost in 

every column. 
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Load Plant net present cost per GWhe in year n 
  n=0 n=1 n=2 n=3 n=4 n=5 n=6 n=7 n=8 n=9 n=10

A1 1.20 1.22 1.25 1.28 1.31 1.34 1.38 1.41 1.45 1.48 1.52 Base B1 1.91 1.98 2.05 2.13 2.23 2.34 2.49 2.55 2.62 2.68 2.75 
 C2 1.74 1.82 1.92 2.03 2.17 2.34 2.58 2.64 2.71 2.78 2.85 
 C3 1.83 1.90 1.99 2.08 2.20 2.35 2.54 2.60 2.67 2.73 2.80 
 R1 0.75 0.77 0.78 0.80 0.82 0.84 0.86 0.88 0.90 0.93 0.95 
 R2 1.49 1.52 1.56 1.59 1.63 1.67 1.71 1.75 1.80 1.84 1.89 

A2 2.26 2.31 2.37 2.42 2.48 2.54 2.60 2.66 2.73 2.80 2.87 Mid B1 2.23 2.30 2.38 2.47 2.58 2.70 2.86 2.93 3.00 3.08 3.15 
 C1 2.25 2.35 2.46 2.59 2.75 2.96 3.22 3.30 3.38 3.47 3.56 
 C2 2.17 2.26 2.37 2.49 2.64 2.83 3.08 3.15 3.23 3.31 3.40 
 C3 2.43 2.52 2.62 2.73 2.87 3.03 3.23 3.31 3.40 3.48 3.57 

preference indication priority 1 priority 2 priority 3 priority 4 priority 5 

Table 25 :  Power-plant-investment preference list, result with tax structure 3 (Table 22) 

Since, from a modelling point of view, the most “interesting” of these cases is the 
third one where an emission tax is imposed, the rest of the test procedure is 
explained for this tax structure. 

8.6.3.4 Demand curve 

To continue our case study, the normalised generic load-duration curve of Figure 66 
is used. 
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Figure 66 :  Load-duration curve used in exogenous advisor test procedure 

As an example, for base load and peak load, a demand level corresponding to the 
PLL and BLL of 5% and 95%, respectively, are withheld.  This means that load 
exceeds the peak-load power limit 5% of the time and load does not reach the base-
load limit 5% of the time.  These limits are also shown in Figure 66.  At the PLL, 
demand reaches 91% of maximum demand, at the BLL demand is at 51% of 
maximum demand.  This means that about 9% of installed power needs to be peak 
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power, 40% mid load and 51% base load.  In the system of year zero (Table 20), 
7% is peak load, 44% mid load and 49% base load. 

For this case study, the peak demand in year zero is 10.5 GW.  For this value, the 
LOLE of the system in year zero can be calculated as 0.055 days per year11.  From 
then on, demand increases steadily with 1% per year. 

8.6.3.5 Loss-Of-Load Expectation, LOLE 

For a given power system, by matching of the capacity-outage table (Figure 65) and 
the demand for electric energy, the LOLE for the following years can be calculated as 
follows (Billinton and Allan [8] and Chapter 5) 

 ( )
=

= <∑
n

i i i
i 1

LOLE P C L  (8.9) 

with Ci = available capacity in period i 
 Li = maximum load in period i 
 Pi(Ci<Li) = LOLP in period i (obtained from the 
    cumulative probability in the outage tables). 

Preliminary test :  LOLE of existing power system 

As a first test, the LOLE of the existing power system, this is the system at year zero 
without further investments, is calculated for the demand prognoses.  This is done in 
two steps.  In the first step, the system is kept constant.  This means that no plants 
are decommissioned.  In the second step, the plants are decommissioned according 
to the scheme in Table 20.  A time horizon of 10 years is used. 

Figure 67 shows the LOLE of this power system without new investments.  The top 
figure shows the evolution of power demand and the evolution of the power system 
in both steps.  The figure at the bottom shows the LOLE for these systems for the 
given demand.  Also the imposed LOLE limit of 0.1 days per year is plotted.  For the 
system with decommissioning, only the LOLE until year 3 is shown.  From year 4 on, 
the system is definitely insufficient to deliver peak demand. 

The LOLE for the constant power system suggests that this system will need to be 
expanded in year 3.  The system with decommissioning already needs expansion in 
year 1. 

Actual test :  Expansion procedure 

In the actual test procedure, the power system is expanded when the LOLE exceeds 
the value of 0.1 days/year.  In this test, tax structure 3 is used (Table 22).  The 

                                                     
11  Note that this does not mean that the system will fail for 0.055 days per year.  This value 

only means that local minutes reserves are expected to be insufficient for 0.055 days per 
year.  In such cases, other interconnected zones can, if possible, provide back-up. 
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power system is expanded according to two criteria.  Firstly, it is investigated which 
load type is required; base, mid or peak load.  Here, the guideline established in 
Section 8.6.3.4 is used; i.e. a power distribution base/mid/peak of 51/40/9.  Once 
the load type of the expansion is known, the actual plant type is chosen from the 
preference list.  In this test, the list for tax structure 3 is used (Table 25).  Again, to 
fix the mind, it is also assumed that the potential for plant type R1 is already fully 
filled in.  Expansion by means of plant type R1 is therefore not possible.  The 
additional potential for plants of type R2 is supposed to be limited to 2000 MW.  
Also, from year three onward, a moratorium on plants of type A1 and A2 is assumed. 
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Figure 67 :  LOLE for existing power system.  The top figure shows the annual maximum 

demand and the size of the power system (one case with and one without decommissioning).  
The bottom figure shows the LOLE calculated for these. 

Figure 67 demonstrates that in year 1 the LOLE already exceeds the prescribed limit 
of 0.1 days/a.  Therefore, new capacity will be needed.  Without additional power, 
the distribution base/mid/peak is 52/40/8 (whereas a distribution of 51/40/9 is 
recommended according to Figure 66).  Therefore, firstly peak power is installed.  
After adding two Z1 plants, the LOLE is still larger than 0.1 days/year.  The 
base/mid/peak distribution has evolved to 51/40/9.  Therefore, the remaining lack is 
filled in with mid-load plants.  For year 1, C2 are the preferred mid-load plants.   

This strategy is repeated every year, every time choosing power plants according to 
the preference list of Table 25 and the base/mid/peak distribution.  Table 26 shows 
the evolution of the power system under these boundary conditions.   

The capacity-outage table for year 10 is shown in Figure 68.  In comparison with the 
outage table for year zero (Figure 65), the peak of the outage probability has clearly 
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shifted to a higher power outage level which is mainly caused by the R2 power plants 
with a low utility factor of 30%.  Without back-up power, this would result in a less 
reliable power system. 

The LOLE of the evolving power system with respect to the power demand is shown 
in Figure 69. 

The distribution of base load, mid load and peak load is plotted in Figure 70.  The 
dots represent the values used in the simulation, the lines are the target values. 
 

installed power [MW] in year plant
type 

load 
type 0 1 2 3 4 5 6 7 8 9 10 

1 base 5000 5000 5000 5000 5000 3000 3000 3000 3000 3000 3000 
2 base 1800 1800 1800 1200 1200 1200 1200 600 600 600 600 
2 mid 1200 900 900 900 900 600 600 600 300 300 300 
3 mid 3000 2400 2400 2400 1200 1200 1200 1200 1200 1200 1200 
4 mid 2000 2000 1800 1800 1600 1600 1400 1400 1200 1200 1000 
5 peak 1000 1000 1000 600 600 600 600 600 600 600 600 

A1 base 0 0 1000 1000 1000 1000 1000 1000 1000 1000 1000 
R2 base 0 0 0 0 0 2000 2000 2000 2000 2000 2000 
C2 base 0 0 0 0 400 400 400 400 400 400 400 
B1 base 0 0 0 0 0 600 600 1500 1500 1500 1800 
C2 mid 0 800 800 800 800 800 800 800 800 800 800 
B1 mid 0 0 0 0 1500 2400 2700 2700 3300 3300 3600 
Z1 peak 0 200 200 800 800 800 900 900 900 900 900 

TOTAL  14000 14100 14900 14500 15000 16200 16400 16700 16800 16800 17200

Table 26 :  Power system used in exogenous advisor test procedure 
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Figure 68 :  Capacity-outage table for the power system for year 10 
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Figure 69 :  LOLE for evolving power system 

0 2 4 6 8 10
0

0.2

0.4

0.6

0.8

1

year

base 

mid 

peak 

 
Figure 70 :  Fractional distribution base load / mid load / peak load 

8.7 Investment strategy in an interconnected context 
Up till now, investment decisions have been discussed in a local context where, for 
one zone, demand and supply need to be balanced without taking into account 
possible interactions with other zones.  The case study discussed was worked out for 
one single zone. 
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In an interconnected context, on the other hand, the local system is not necessarily 
responsible for the provision of local demand.  Every zone can take into account the 
actions taken by, or the possibilities of, other zones given that sufficient transmission 
capacity is available.  This means that there is a less direct connection between local 
power system optimisation and local demand.   

It is advisable to economically optimise this competition.  We choose to optimise the 
systems for estimated local electric-energy generation regarding local demand plus 
export minus import.  This estimation can be made on the basis of known situations 
for which all data are known.  This does not mean that export and import levels 
remain constant.  Starting from the given situation, export and import levels may 
evolve, gradually leading to optimal levels.  These kind of optimisations, however, go 
beyond the scope of the envisaged generation model and are therefore not further 
explored. 
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9. GENERAL MODEL STRUCTURE 

The model developed in the context of this research is called E-Simulate.  This model 
enables detailed simulation of power generation in a set of interconnected zones.  
The input of the model consists of a prescribed evolution of the electric-energy 
demand and the power system for every zone, primary-energy information and 
cross-border transmission capabilities.  The output consists of the power generation 
and the corresponding primary-energy use and greenhouse-gas emissions on a 
power-plant level.  The model has been specifically designed to run for one selected 
year divided into separate hours.  In theory, the methodology can also be used for 
any chosen period and time step. 

E-Simulate is composed of different sub-routines of which the fundamental 
discussion has been presented in detail in Part 1.  The general structure of the model 
is shown in Figure 71.  Every sub-module is further discussed in detail in this 
chapter. 

 
E-SIMULATE 

INPUT

DEMAND CORRECTIONS

PLANNED OUTAGE

RESERVE

PREPARE UNIT COMMITMENT

UNIT COMMITMENT

CROSS-BORDER GENERATION

OUTPUT

 
Figure 71 :  General outline structure of E-Simulate 

The exogenous advisor used for power-system expansion discussed in Chapter 8 has 
to be run separately from E-Simulate. 
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9.1 Input 
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Figure 72 :  General outline structure of E-Simulate; input 

The input module not only loads the necessary files, but also sets the value for the 
energy-tax and CO2 tax (in EURO/MWhi and EURO/tonCO2, respectively) and the 
postage-stamp value for cross-border trade (in EURO/MWhe).  Furthermore, the 
input is adapted and converted for further use in the model. 

9.1.1 Input : energy info 

The energy info consists of price and emission information.  The structure of this 
input is shown in Table 27 which merely contains illustrative values. 
 

ENERGY Nr  Price  CO2 
   EURO/GJi  kg/GJi 
   1995 2010 2020  

Nuclear 1 0.748 0.786 0.862 0 
Coal 11 1.468 1.543 1.692 95.1 

Lignite 21 1.309 1.403 1.496 101.2 
Nat. Gas 31 2.01 2.30 3.35 57.4 

Heavy Oil 41 2.52 2.85 4.19 77.4 
Light Oil 42 2.52 2.85 4.19 74.1 

Blast F. Gas 61 0 0 0 242.0 
Cokes O. Gas 62 0 0 0 47.7 

Renewable 101 0 0 0 0 
Wood 102 0 0 0 0 
Waste 103 0 0 0 0 

Table 27 :  Energy info input for E-Simulate 
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For the energy price, values for several years can be filled in.  For intermediate 
years, linear interpolation between the closest values is used. 

Table 27 only shows info for CO2 emissions.  The actual input file also contains info 
on CO2-equivalents, SOx, NOx and particles. 

At this stage, the energy prices are considered constant in time.  In reality, price 
variations will be observed, depending on the overall demand for the energy carrier 
in question.  E.g. the use of natural gas is much larger in winter (residential heating) 
resulting in a higher cost.   

9.1.2 Input : technology info 

The type of technology info needed is shown in Table 28, Table 29 and Table 30.  
These tables only contain some illustrative technologies and values.  The output of 
technologies marked with (#) in the tables (co-generation, photovoltaic systems and 
storage systems) is simulated as a negative load or by correction of the demand 
pattern (Chapter 1: Intermittent Power Sources).   

Table 28 shows the load type of the technology.  For the load type, the numbers 
stand for 1. base load, 2. base load or modulation, 3. peak load and 4. must run.  
The storage units do not fit in any of these categories and are assigned type 0.  The 
energy columns point out which types of primary energy can be used for these types 
of technologies.  The primary-energy carriers that will effectively be used in the 
plants of the power systems will later on be assigned in the power-system input files 
(Section 9.1.7).  E.g. the combined-cycle units of type 21 can use fuels 31 and 42, 
corresponding to natural gas and light oil, respectively (Table 27). 

Table 29 shows information on the operation of the power plants.  All plants are 
divided into parts of constant marginal use (Table 29 shows three parts, but more 
parts can be filled in if desired).  Part 1 of the plant is the minimum operation point 
below which the plant is not to be operated.  The efficiencies of partial load are 
shown as a fraction of the full-load rated efficiency.  The operation of such plants is 
also shown in Figure 73.  Also, an indicative target efficiency is shown.  The 
efficiency of the plants of the power systems will be assigned in the power-system 
input files (Section 9.1.7).  E.g. the combined-cycle unit of type 21 is, according to 
Table 29, modelled as two parts of constant marginal use.  One part of 40% of rated 
power where 76% of rated efficiency can be reached and a second part of the 
remaining 60% of rated power where rated efficiency can be fully reached. 

Table 30 contains the remaining data for the technologies: the availability, the time 
annually needed for planned outages, the minimum-up and minimum-down times, 
the life expectancy.  The item link CO2 is installed to allow CO2 recovery from the flue 
gases.  For instance, if 90% of the CO2 in the flue gases is recovered, link CO2 will 
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equal 0.1.  If also other emissions are accounted for (such as SOx or NOx), a 
corresponding link is also installed (in the case of deSOx or deNOx of the flue gases). 

Table 31 contains the investment cost and the fixed and variable 
operation & maintenance costs. 
 

TYPE  Nr  type  energy 
PWR no modulation 1  1  1 0 0 0 0 0 0 0 

PWR modulation 2  2  1 0 0 0 0 0 0 0 
Rankine multifuel  11  2  11 21 31 102 41 42 61 62 

Brayton-Rankine SS 21  2  31 42 0 0 0 0 0 0 
Internal Gasification Brayton-Rankine 23  2  11 0 0 0 0 0 0 0 

Brayton 31  3  31 42 0 0 0 0 0 0 
Diesel  41  3  42 0 0 0 0 0 0 0 

Wind 3000 103  4  101 0 0 0 0 0 0 0 
Photovoltaic (#) 105  4  101 0 0 0 0 0 0 0 

Run of River  106  4  101 0 0 0 0 0 0 0 
Co-generation turbine (#) 201  4  31 42 0 0 0 0 0 0 
Co-generation engine (#) 202  4  31 42 0 0 0 0 0 0 

Dual Storage, pump and release (#) 301  0  0 0 0 0 0 0 0 0 
Season Single Storage, only release (#) 303  0  0 0 0 0 0 0 0 0 

(#) stands for demand correction             

Table 28 : Technology info input for E-Simulate (part 1) containing load type and primary 
energy info (related to the numbers in Table 27) 

 

    
part 

[% of full load] 
part efficiency 

[% of full load η]  
TYPE  Nr  1 2 3 1 2 3 target η

PWR no modulation  1  100% 100% 100% 100% 100% 100% 39% 
PWR modulation  2  35% 80% 100% 93% 99% 100% 39% 

Rankine multifuel  11  35% 80% 100% 93% 98.5% 100% 43% 
Brayton-Rankine SS  21  40% 100% 100% 76% 100% 100% 60% 

Internal Gasification Brayton-Rankine  23  40% 100% 100% 82% 100% 100% 41% 
Brayton  31  100% 100% 100% 100% 100% 100% 40% 

Diesel  41  100% 100% 100% 100% 100% 100% 39% 
Wind 3000  103  100% 100% 100% 100% 100% 100% — 

Photovoltaic (#)  105  100% 100% 100% 100% 100% 100% — 
Run of River  106  100% 100% 100% 100% 100% 100% — 

Co-generation turbine (#)  201  100% 100% 100% 100% 100% 100% — 
Co-generation engine (#)  202  100% 100% 100% 100% 100% 100% — 

Dual Storage, pump and release (#)  301  100% 100% 100% 100% 100% 100% 76% 
Season Single Storage, only release (#)  303  100% 100% 100% 100% 100% 100% — 

(#) stands for demand correction           

Table 29 : Technology info input for E-Simulate (part 2) containing operational characteristics of 
the plant according to the scheme shown in Figure 73 
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TYPE Nr
Availab

[%] 
Outage
[wk/a]

min up
[h] 

min dwn
[h] 

link 
CO2 

Life
[a] 

PWR no modulation 1 91% 3.6 100 100 1 40 
PWR modulation 2 91% 3.6 100 100 1 40 

Rankine multifuel 11 94% 2.7 12 12 1 35 
Brayton-Rankine SS 21 90% 3.2 4 4 1 20 

Internal Gasification Brayton-Rankine 23 85% 3.5 12 12 1 25 
Brayton 31 89% 3.2 1 1 1 15 

Diesel 41 89% 3.2 1 1 1 20 
Wind 3000 103 34% 0.0 1 1 1 25 

Photovoltaic (#) 105 100% 0.0 1 1 1 25 
Run of River 106 90% 0.0 1 1 1 40 

Co-generation turbine (#) 201 100% 0.0 1 1 1 25 
Co-generation engine (#) 202 100% 0.0 1 1 1 25 

Dual Storage, pump and release (#) 301 100% 0.0 1 1 1 40 
Season Single Storage, only release (#) 303 100% 0.0 1 1 1 40 

(#) stands for demand correction        

Table 30 : Technology info input for E-Simulate (part 3) containing technical information for the 
plants 

 

  cost 

TYPE Nr
investment 

[€/kW] 
fix O&M  
[€/kW] 

var O&M 
[€/MWh] 

PWR no modulation 1 1408 37.25 1.817 
PWR modulation 2 1408 37.25 1.817 

Rankine multifuel 11 960.5 33 2.502 
Brayton-Rankine SS 21 413.3 24.75 1.5 

Internal Gasification Brayton-Rankine 23 1369 42.5 1.75 
Brayton 31 316.8 7.475 0 

Diesel 41 407.5 0 4.5 
Wind 3000 103 1500 38.13 0 

Photovoltaic (#) 105 4000 0 0 
Run of River 106 2000 0 12.6 

Co-generation turbine (#) 201 0 0 0 
Co-generation engine (#) 202 0 0 0 

Dual Storage, pump and release (#) 301 1246 39.88 0 
Season Single Storage, only release (#) 303 1246 39.88 0 

(#) stands for demand correction     

Table 31 : Technology info input for E-Simulate (part 4) containing economic information for 
the plants 
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Figure 73 :  Power plant operation as parts of constant marginal energy use 

9.1.3 Input : contractual import/export info 

The contractual import/export file contains information on the contractually agreed 
upon cross-border transmissions between the different zones.  This file may contain 
single values if constant contractual import/export is desired or 365 by 24 matrices if 
a different value for every hour is desired.  The E-Simulate model itself will calculate 
the remaining cross-border trade based on a perfect-competition approximation. 

9.1.4 Input : special generation profiles 

For the power plants of which the output is simulated as a negative load for the 
remaining power plants, the generating profiles need to be loaded.   

For photovoltaic systems and for co-generation, these output profiles have already 
been discussed in Chapter 1.  In these cases, a generation profile for every hour is 
required, resulting in a 365 by 24 matrix for the entire year. 

The output of some storage facilities, may also be time dependent (such as hydro 
systems operating on snow melt).  The seasonal output profile of such systems is 
also loaded as an input file.  An example of the seasonal output capability of 
seasonal storage units is shown in Figure 74.  This profile applies for the French 
seasonal hydro plants and is estimated from the UCPTE [113] statistics for 1998.  For 
these storage facilities, the possible output (stored energy) is economically spread 
(or released) as described in Chapter 2.   
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Figure 74 :  Possible seasonal output profile of a storage unit 

9.1.5 Input : net-transfer capacity between zones 

For the possibilities in cross-border trade, the net-transfer capacity, NTC, is used.  
This is not the physical MVA limit of a transmission line that may be partly reserved 
for, e.g reserve purposes or contractual agreements between generators and 
suppliers in different TSO’s. 

The NTC input consists of one MVA value for every connection between two borders.  
In principle, it is also possible to introduce different NTC values for every hour. 

9.1.6 Input : power demand of zones 

The hourly local power demand for every zone is given as a 365 by 24 matrix.  Care 
has to be taken that this is the power demand on a power-plant level, including 
transmission and distribution losses. 

9.1.7 Input : power systems of zones 

The input-file structure for the power systems of the different control zones is shown 
in Table 32 and Table 33.  The data in these tables is merely for illustrative 
purposes. 

Identical or similar plants may be grouped.  For every group of plants, the total 
power and the number of plants is mentioned.   

The technology refers to the technology input file described in Section 9.1.2.   

The multifuel indicator is 0 for monofuel plants that solely operate with one 
primary-energy carrier, 1 for free multifuel plants with a free choice between the 
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primary-energy carriers listed, 2 for fixed multifuel plants where all primary-energy 
carriers need to be used in fixed proportions and finally, 3 and 4 where the first and 
the first and second primary energies mentioned are used in fixed proportions, 
respectively, but where there is a free choice between the rest of the fuels.  An 
example of a plant where these last possibilities are needed are repowered steam 
units where the gas turbine can solely use natural gas but where the conventional 
boiler can be fired with coal, oil or natural gas. 

Table 33 lists the information on the primary energies used in the plants.  In the 
case of monofuel plants, only one primary energy is listed.  For plants with fixed 
shares (multifuel indicator 2, 3 or 4), those shares are mentioned.  In the case of 
multifuel plants, there is the possibility to introduce a separate efficiency for every 
primary-energy carrier. 
 

 
Technology 

(Nr in Table 28) 
Power 
[GW] # units Multifuel Commissioned 

Nuclear BASE 1 30 20 0 1975 
Nuclear MODULATE 2 40 30 0 1975 

Rankine L 11 10 40 0 1978 
Rankine LSG 11 10 40 1 1968 

Brayton L 31 2 40 0 1980 
Autoproducers 99 297.6 50 2 2000 

Rankine REPOWERING 12 740 3 3 2000 
PV 105 4 4000 0 1980 

Season Single Storage 303 11 4 0 1980 
Dual Storage 301 4 4 0 1980 

Hydro ROR 106 5.5 400 0 1980 

Table 32 :  Example of input file structure of the power system in a zone (part 1). 

 

 primary-energy carrier 
(Nr in Table 27) 

 share of primary energy full load efficiency 

 1 2 3 4  1 2 3 4 1 2 3 4 

Nuclear BASE 1 - - -  1 - - - 35% - - - 
Nuclear MODULATE 1 - - -  1 - - - 35% - - - 

Rankine L 41 - - -  1 - - - 38% - - - 
Rankine LSG 41 31 11 -  - - - - 36% 35% 35% - 

Brayton L 42 - - -  1 - - - 35% - - - 
Autoproducers 62 61 31 41  0.24 0.06 0.34 0.36 35% 35% 35% 35%

Rankine REPOWERING 31 11 31 41  0.18 - - - 40% 40% 40% 40%
PV 101 - - -  1 - - - - - - - 

Season Single Storage - - - -  - - - - - - - - 
Dual Storage - - - -  - - - - 80% - - - 

Hydro ROR 101 - - -  - - - - - - - - 

Table 33 :  Example of input file structure of the power system in a zone (part 2).  The full load 
efficiencies correspond to the primary energy used.  The shares of the primary energies in use 

only apply to plants with multifuel indicator 2, 3 or 4 (Table 32) 
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For the units where a separate generation profile is required (such as photovoltaic 
systems, co-generation units and some storage units), also the type of profile needs 
to be mentioned.  For co-generation, for instance, it needs to be specified whether it 
concerns an application in industry, the commercial sector, the residential sector or 
horticulture. 

For storage units (such as pumping units), also the maximum storage capacity (such 
as the physical content of the water reservoir) is stated. 

Based on the economic data (energy prices and taxes), E-Simulate chooses the most 
economic primary energy for the multifuel units with free choice of primary energy. 

9.2 Demand corrections 
Two types of demand corrections are performed.   

The first type takes into account the output of generating units with a particular 
generation profile which is simulated by mathematically subtracting their output from 
the demand profile.  There are two types of power systems that are simulated this 
way: photovoltaic systems and co-generation units. 

The second correction relates to the single or dual storage units (for a definition of 
single and dual storage, we refer to Chapter 2).  The demand profile is corrected by 
simulating the most economic operation of these storage facilities on a daily basis as 
also described in Chapter 2.   

9.3 Planned outages 
Planned outages are taken into account according to the average outage schedule 
described in Chapter 3.  Outages are planned proportionally to the gap between the 
size of the power system and the demand, including reserve.  The outage schedule is 
translated into a reduction of the available power in every group of power plants.  
The size of the individual plants is largely maintained by also adapting the number of 
available units. 

9.4 Reserve 
Only the minutes reserve is taken into account.  Seconds reserve is a property of 
individual power units with automatic speed control.  Hours reserve is provided by 
units not yet committed. 

Minutes-reserve planning is fully described in Chapter 5.  The method used in 
E-Simulate is based on the largest-unit reserve combined by the reserve provided by 
working with the derated power of the individual plants. 
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9.5 Unit commitment 
For unit commitment, the Advanced-Priority-Listing method, described in Chapter 6, 
is used.  This advanced method basically consists of the Priority-Listing method 
where the plants are split into separate parts of constant marginal-energy use.  The 
advanced method is also expanded with the minimum-up and minimum-down time 
boundary conditions and respects the minimum operation point of every plant.   

For this method, the required power delivery needs to be known on the 
power-system level.  At this stage in E-Simulate, however, only the power demand 
for the zone is known.  Since the cross-border activity is not yet simulated, the 
required power delivery cannot be determined.  Therefore, the unit-commitment 
protocol is preceded by a sub-routine in which the cross-border activity is estimated 
under the assumption that all plants in all zones are perfectly flexible (which is 
translated in a zero minimum-up and minimum-down time). 

9.6 Cross-border generation 
Cross-border trade is simulated by using the sequential heuristic method designed in 
Chapter 7, based on the assumption of perfect competition between the different 
generators in the different zones.  In every zone, demand needs to be met.  The 
choice of the customers is assumed to be solely based on the marginal generation 
costs of the different offers; local or from abroad.   

9.7 Output / Results 
E-Simulate determines the activation level of all power plants in every zone for every 
hour.  Also the cross-border transactions between the zones are reported every hour. 

A full presentation of the output is provided in upcoming chapters where examples 
are digressed on comprehensively. 

9.8 Iterative refinement 
As presented here, E-Simulate seems to lack explicit iteration. 

Some modules are largely independent of other considerations.  This is the case for 
the demand corrections, the outage planning (which is inversely proportional to the 
demand level) and reserve planning (determined by the largest unit). 

For unit commitment and cross-border transmission, a loop is built in.  Indeed, in 
order to determine the unit-commitment scheme, the generation requirements have 
to be known.  The estimation of the cross-border activity prior to the determination 
of unit commitment can be considered a local iteration. 
 

 

10. E-SIMULATE MODEL VALIDATION 

10.1 Summary 
Since all of the separate techniques used in E-Simulate have been validated 
themselves, only the finished assembled model needs to be validated.  Therefore, a 
simple validation scheme is conceived in which all the complicated sub problems no 
longer need to be considered. 

The overall model validation is a test of four very simple zones that should behave in 
a surveyable manner.  In a first test, no transmission restrictions are imposed.  
Therefore, the four zones should behave as only one.  After having passed this first 
test, changes are gradually introduced that should all lead to a predictable result.  In 
all cases, the model behaves like it should. 

10.2 Introduction 
Validation of E-Simulate is not straightforward.   

Experimental validation, on the one hand, is out of the question.   

On the other hand, trying out the model on historic occurrences or situations is also 
not possible.  All the necessary data can not be gathered (e.g. information on the 
precise planned and unplanned outages of all plants in every system) which means 
that the results of the simulation (where all these “unknowns” are approximately 
introduced) will not exactly correspond to reality.  Therefore, such a test cannot be 
used for validation purposes because it is unclear whether the deviations originate 
from this imprecise data or from modelling errors in E-Simulate. 

Most parts of the model, all described in Part 1 of this document, have been 
thoroughly validated themselves.  Some topics were compared to well-established 
models in the literature, whereas other have been submitted to an elaborate error 
analysis.  Instead of dismissing the validation of the entire model by the validation of 
all of its components, we feel that it is necessary to also put the finished assembled 
model to the test.  Consequently, the broad test or validation of the model does not 
focus on all separate modelling topics (such as unit commitment, outage planning or 
reserve planning), but merely checks whether the overall result of the model is 
consistent. 
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10.3 Modules of E-Simulate 
As said before, all methods used in the different modules of E-Simulate have been 
validated themselves, as was dealt with in detail in the previous chapters.  In this 
section, we briefly recall these “individual” validations. 

Power generation of wind-power stations is simulated as originating from power 
stations constantly available at reduced power (as discussed in Section 1.3.2).  This 
assumption is checked in the literature and leads to realistic results.  A significant 
error only occurs for large output fluctuations of wind-power stations.  The literature, 
however, indicates that the large power fluctuations concerned are extremely 
improbable. 

The demand correction applied to simulate storage and release has been validated 
by means of an error estimate.  As discussed in Section 2.4, in total, 600 situations 
were tested leading to a total relative error in primary-energy use of 0 to 1.3% with 
an average error below 0.2%, even for shares of the storage unit in the total power 
generation up to 80%. 

For outage planning, the average scheme designed has been compared to the 
average of 10 000 random realistic outage schedules with a remarkable resemblance 
as shown in Section 3.4.3. 

The reliability of the power stations is averaged out by using the derated power of all 
plants.  A comparative analysis for a system composed of identical units pointed out 
that the power available in the derated power approach exactly equals the average 
of the distribution of the power availability calculated in a completely stochastic 
approach.  In Section 4.5, it is shown that, although the stochastic nature of 
reliability is lost by using derated power, the results exactly match the average of 
these stochastic possibilities. 

In minutes-reserve planning, a combination of the largest-unit reserve and the 
proportional reserve is used.  In Section 5.5, it is shown that this method leads to a 
more stable system reliability than both deterministic methods used separately.  
Whether or not this method is realistic is not entirely clear because power and 
transmission-system operators may choose to use a different reserve criterion. 

The Advanced-Priority-Listing method designed for long-term unit-commitment 
optimisation has been compared to the Unit-Decommitment method that is 
considered sufficiently accurate in the literature.  Tests described in Section 6.5.3 
pointed out that Advanced Priority Listing is only 0.03 to 0.6% less accurate than 
Unit Decommitment. 

For cross-border trade, a Sequential Heuristic method was developed to approximate 
perfect competition in Section 7.6.  This method was compared to the mathematical 
optimal result.  In most of the test cases considered, the electricity generation in all 
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zones is exactly the same in both methods.  In the other cases, the deviation was 
always below 0.1%. 

10.4 Overall model validation 
For the overall validation of the model, we take a simple case study of which the 
E-Simulate results can be crosschecked analytically.  In some further steps, the case 
is gradually made more “demanding”, but still kept sufficiently transparent so that 
analytical verification is still possible. 

For the overall model validation, four zones with only one type of power plants each 
is considered.  Also, the demand is simplified.  Power systems and demand pattern 
are shown in Table 34.  All demands are profiles for one week and vary between 50 
and 100 MW.  The configuration of the four zones is shown in Figure 75.  All zones 
are interconnected, except for zone 1 and zone 3 who can only interact by means of 
transit. 
 

zone  1 2 3 4 

power
system

 combined 
cycle 

η=50% 
5 x 10 MW 

hydro 
3 x 20 MW 

gas turbines 
10 x 10 MW 

nuclear 
η=35% 

3 x 40 MW 

conventional 
coal 

η=30% 
10 x 10 MW 

demand 
pattern

100 MW 

50 MW 

0 MW 

Table 34 :  Power systems and weekly demand patterns  for model validation 

 
1 2 3 

4 
 

Figure 75 :  Configuration of four zones for model validation 

10.4.1 Validation 1: No transmission limitations 

In a first validation procedure, the net-transfer capacities are unlimited and the 
transfer cost is set to zero.  This, in fact, means that the four zones should behave 
as one.  Indeed, there are no limitations on transport and there is no extra cost for 
transactions between zones. 
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When looking carefully at the 4 different demand patterns, the overall demand 
(which is the sum of the four patterns) is constant throughout the week at 300 MW.  
The total power system should therefore also “react” to this constant demand in a 
constant matter, activating the cheapest units first.  It is straightforward to compute 
“on the back of an envelope” that the 300 MW demand would be filled in as (taking 
into account the outage calculated according to the average outage schedule of 
Section 3.4.3) 58 MW from hydro (zone 2), 115 MW from nuclear-power plants 
(zone 3), 48 MW from combined-cycle units (zone 1) and the remaining 80 MW by 
coal-fired plants (zone 4). 

The simulation with E-Simulate with the four zones gives exactly the same result.  
Generation in the four zones is shown in Figure 76.  The corresponding CBT is shown 
in Figure 77.  These results demonstrate that the four zones indeed function as one 
and the CBT enables all plants to operate at constant load. 

10.4.2 Validation 2: Partial transmission limitation 

For the second step in the validation procedure, transmission limitations are imposed 
in order to restrict the degrees of freedom.  Firstly, the interconnections 1-4 and 2-4 
are closed whereas the capacities of the remaining connections remain unlimited.  
Although CBT is hampered now, all zones should in theory still be able to transport 
to one another through transit.  Since the CBT-tariff is set to zero, simulation of this 
scenario should, again, lead to the same constant generation levels as in 
Validation 1. 

This is indeed the case after simulation with E-Simulate.  The generation levels are 
again constant and identical to the ones shown in Figure 76 for Validation 1.  In 
order to obtain these constant generation levels, the CBT patterns now change as 
shown in Figure 78. 

Next, the procedure of Validation 2 has been repeated for different pairs of closed 
connections, all resulting in the same constant generation levels in all zones. 

10.4.3 Validation 3: Towards realistic transmission limitations 

In a third validation procedure, a gradual transition is made towards a realistic 
transmission grid.  The starting point is the case with unlimited transmission 
capacities. 

Firstly, the access to zone 3 is limited to 5 MVA between 2-3 and 3-4.  In Validation 1 
and all the cases of Validation 2, generation in zone 3 was constant at 115 MW.  This 
corresponds to the maximum possible generation in zone 3 and export to zones 2 
and 4 varied from 15 MW to 65 MW.  Now, with the transmission limitations, export 
is limited to 10 MW at maximum.  Therefore, generation in zone 3 should reach 
110 MW (100 MW local demand plus 10 MW export) at hour 1 to 60 MW at hour 168 
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with a constant export of 10 MW; 5 MW to zone 2 and 5 MW to zone 4.  Figure 79 
indeed shows that generation in zone 3 is constantly 10 MW above local demand.  In 
the other zones, the cheapest capacity is also in use: almost 58 MW hydro in zone 2, 
48 MW combined cycle in zone 1 and up to 96 MW coal in zone 4, respectively.  
When this generation is insufficient, the remaining power comes from the peak units 
in zone 2. 

In the final step, also the other transmission capacities are adapted.  The limits are 
30 MVA between 1-2 and 1-4 (which is required because of the inadequate power 
system in zone 1) and 5 MVA between 2-4.  This case results in the generation 
profiles shown in Figure 80.  This figure strongly resembles Figure 79.  The entire 
generation patterns are again optimised in order to minimise the use of the peak 
units in zone 2. 
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Figure 76 :  Demand and generation for Validation 1 without transmission limitations (same 

figure for Validation 2 with selected transmission limitations) 
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Figure 77 :  Cross-border trade in Validation 1 without transmission limitations1 

                                                     
1  A positive value refers to export, a negative value to import. 
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Figure 78 :  Cross-border trade in Validation 2 without CBT between 1-4 and 2-4 and without 

further transmission limitations 
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Figure 79 :  Demand and generation in Validation 3.1 with 5 MVA transmission limit between 

2-3 and 3-4 and without further transmission limitations 
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Figure 80 :  Demand and generation in Validation 3.2 with 5 MVA transmission limit between 

2-3, 2-4 and 3-4 and 30 MVA between 1-2 and 1-4 
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10.5 Conclusions on model validation 
The validation of E-Simulate is achieved for a simple case study of which the results 
can be easily predicted analytically (validation of all separate sub-model has already 
been don in Part 1 of this research).   

In all cases, the model behaves like analytically predicted. 

 



 

11. E-SIMULATE MODELLING POSSIBILITIES:  
A COMPREHENSIVE EXAMPLE 

In order to illustrate the possibilities of the model E-Simulate, a simple example is 
explained in detail.  The example covers four zones with a simplified power system.  
At the same time, this example is used to take a close look at the output of 
E-Simulate. 

11.1 E-Simulate model input 
Apart form the general input (individual normalised output profiles for co-generation 
and photovoltaic systems, technological information and energy prices and emissions 
that have already been described in Chapter 9), the input for all zones and their 
interconnections consists of the demand pattern, the power systems and the 
net-transfer capacities between zones. 

In this example, the fixed or contractually agreed upon import and export between 
zones is set to zero, which means that all trade is determined by the market with 
perfect competition. 

No energy- and CO2 tax is assumed.  The CBT tariff is set to 1.2 €/MWhe. 

11.1.1 Demand patterns 

The structure of the four demand patterns is shown in Figure 81.  All demand figures 
are the graphical representation of matrices containing 8760 values; 52 rows and 
168 column.  From left to right, the week is represented from Monday 00.00h on the 
left till Sunday 23.00h on the right.  From top to bottom, the weeks are represented 
from week 1 to week 52.  The colour intensities correspond to the demand level as 
indicated in the colour bars.  All patterns are similar.  There are, however, obvious 
differences in the absolute total demand and more subtle differences in local relative 
demand variations between day and night and summer and winter.  The total power 
demand on a power plant level for all zones is 94.03 TWh, 73.96 TWh, 351.8 TWh 
and 438.8 TWh and the maximum annual demand is 15.00 GW, 11.50 GW, 60.0 GW 
and 70.0 GW for zones 1 through 4, respectively. 

11.1.2 Net transfer capacities 

The value of the NTC is, in this simple example, considered as fixed in time and is 
assumed to be unidirectional.  The values for the inter-zone NTC’s are also shown in 
Figure 81.  The NTC’s are 2000 MVA for the connections 1-2, 2-3 and 1-4 and 
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3000 MVA for 3-4.  There is no direct connection 1-3 and 2-4.  Transmission between 
these zones can only be realised by transit. 

11.1.3 Power systems 

The composition of the power systems of the different zones is shown in Figure 82.  
For all types of plants, the total installed power, the number of units and the rated 
efficiency is shown.  The remaining input (e.g. technologies and energy carriers) is 
described in Section 9. 

For co-generation, two efficiency values are listed.  The first is the electrical 
efficiency αE; the second is the heat efficiency αQ.  The efficiency listed for dual 
storage units is the overall efficiency of the storage-release process.  For renewable 
power systems, no efficiency is required. 

In total, the installed capacity is 14.50 GW, 15.00 GW, 96.5 GW and 87.0 GW and 
the size of the largest unit is 1000 MW, 1000 MW, 2000 MW and 1500 MW for 
zones 1 through 4, respectively. 

Zone 1 mainly consists of gas-fired units with large shares of combined-cycle units 
and co-generation units in both industry and the commercial sector.  The rest of the 
system consists of steam-cycle units with coal or gas and wind farms. 

Zone 2 contains a large share of nuclear-power stations.  The rest of the system is a 
mix of coal- and gas-fired units.  Zone 2 also has dual-storage units. 

Zone 3 mainly consists of nuclear-power stations.  The rest of the system is a mix of 
lignite-, oil-, gas- and coal-fired units.  Zone 3 also contains many hydro units, 
single- and dual-storage units and photovoltaic power systems. 

Zone 4 consists of a mix of nuclear-power plants, coal- and lignite-fired units.  
Zone 4 also contains a lot of renewable power in the form of wind farms and hydro 
power plants. 
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Figure 81 :  Demand patterns of, and NTC between four zones 
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 power 

[MW] # 
η 

[%] 
Combined Cycle, gas 3000 10 50 
Combined Cycle, gas 3000 10 55 

Rankine, coal/gas 3000 10 36 
Brayton, gas 500 15 35 
Wind, coast 1000 1000 - 

Cogeneration, industry 2000 100 35/50 
Cogeneration, commercial 2000 100 50/30 

 power 
[MW] # 

η 
[%] 

Nuclear 6000 7 35 
Combined Cycle, gas 3000 8 50 
Repowered, coal/gas 1000 3 40 

Rankine, coal/gas 1000 4 36 
Rankine, coal/gas 2000 8 38 

Brayton, oil 700 20 35 
Dual storage 1300 4 80 

 power 
[MW] # 

η 
[%] 

Nuclear base load 20000 20 35 
Nuclear modulation 30000 30 35 

Rankine, lignite 1000 3 30 
Rankine, oil 9000 40 38 

Rankine, coal/gas 5000 20 36 
Rankine, coal/gas 5000 20 38 

Brayton, oil 2000 40 35 
Photovoltaic 4000 4000 - 

Hydro 5500 400 - 
Single storage 11000 4 - 

Dual storage 4000 4 80 

 power
[MW] # 

η 
[%] 

Nuclear base load 25000 20 35 
Rankine, coal 25000 100 37 

Rankine, lignite 25000 100 32 
Brayton, oil/gas 3000 60 35 

Wind, coast 6000 6000 - 
Hydro 3000 300 - 
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Figure 82 :  Composition of the power system of four zones1 

                                                     
1  The composition of these four systems is a didactical vulgarisation of the power context of 

the Netherlands, Belgium, France and Germany for zones 1 through 4, respectively.  
Nevertheless, the systems and the NTC’s have been simplified and adapted in function of 
the testing and demonstration of E-Simulate. 
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11.2 E-Simulate model output 
The output of E-Simulate is available in numerical form.  However, in order to make 
this output more accessible for quick interpretation, it is also presented by means of 
graphs, figures and charts. As a result, the accompanying explanation is wittingly 
limited and the graphical output is largely left to speak for itself. 

11.2.1 General output 

The overall electricity demand, the resulting power generation, the CO2-equivalent 
emissions, the primary-energy costs, the primary-energy use and the cross-border 
activity of all four zones are summarised in Figure 83 (detailed output per zone and 
per type of power plant will elaborately be discussed in the next sections). 

Annually, zone 3 is the only net exporter with 39.8 TWh export in total (22.5 TWh to 
zone 4 and 17.39 TWh to zone 2).  Zone 2 imports 17.39 TWh from zone 3 of which 
3.38 TWh is transit to zone 1.  Zone 4 imports 22.5 TWh from zone 3 of which 
11.92 TWh is used as transit to zone 1.  Apart from this transit, zone 4 itself also 
exports 0.058 TWh to zone 1, leading to a total transaction of 11.98 TWh from 
zone 4 to zone 1.  This is the net annual result.  Transactions in other directions are 
also possible.  For instance, the net flow from zone 4 to zone 1 of 11.98 TWh (as 
shown on Figure 83) has to be interpreted as the balance of 11.98 TWh from zone 4 
to zone 1 and 0.002 TWh from zone 1 to zone 4 (which is, in that case, transit of 
generation from zones 2 or 3).  In order to evaluate the energy balance, also the 
energy use of the storage units needs to be accounted for.  In zone 3, for instance, 
the deficit between 352 TWh demand plus 39.8 TWh export, in total 392 TWh, and 
the electricity generation of only 382 TWh is explained by the electricity generation 
of the storage units, 10.01 TWh and 2.99 TWh for the single- and dual-storage units, 
respectively, and the energy use of the dual-storage units of 3.74 TWh. 

The CO2-equivalent emissions are the lowest in zone 3 where the nuclear-power 
plants largely dominate electricity generation.  A detailed discussion of the CO2 
emissions follows in the next sections. 
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Figure 83 :  General E-Simulate annual output for simple four zone model 
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11.2.2 Specific output 

After having presented the annual overview of electric-energy generation, emissions, 
energy costs and primary-energy use as shown in the previous section, the results 
are now discussed in more detail in this section. 

11.2.2.1 Demand, power generation and CO2-equivalent emissions 

Demand is given for every zone on an hourly basis.  Storage and release of storage 
units are implemented as demand corrections. 

The total electricity generation and the corresponding CO2-equivalent emissions are 
shown in Figure 84 for all four zones (Figure 84a for zone 1 to Figure 84d for 
zone 4).  These pictures are all graphical presentations of 52 by 168 matrices.   

Figure 84c shows that in zone 3 (the “nuclear one”) during periods of lower demand, 
no fossil-fuel-fired power stations are activated (no CO2-equivalent emissions are 
noted). 

Demand and generation are also shown more in detail for one week (week 16 in this 
case) in Figure 85.  Also the demand correction for storage and release is shown in 
this picture. 

11.2.2.2 Generation mix per zone 

The electricity generation of all types of units is calculated for every zone and for 
every hour.  Also the corresponding primary-energy use, primary-energy costs and 
CO2-equivalent emissions are calculated.  This output is graphically compiled into 
different figures. 

Overall annual mix 

As a first specific output, the overall generation mix per zone is shown in Figure 86.  
This figure shows the relative share of all types of power units in generation, 
primary-energy costs and CO2-equivalent emissions. 

The legend states the type of power plant as listed in the power system input file of 
Table 32 and the type of primary-energy carrier. 

Time-specific mix 

Figure 87 shows the time-specific generation mix and the corresponding 
CO2-equivalent distribution for all four zones during week 16. 

11.2.2.3 Cross-border trade 

The cross-border interaction between the different zones is monitored every hour.  
Figure 88 (a, b and c) shows the hourly cross-border exchange for weeks 1, 16 and 
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31.  These figures clearly demonstrate that zones 2 and 4 import from zone 3 and 
partly transit this import directly to zone 1. 

11.2.2.4 Marginal properties 

E-Simulate reports on the marginal properties in every zone at every time.  These 
marginal properties contain information on the last activated unit.  E-Simulate lists 
the last activated technology (technology number from the power system input file of 
Table 32), the marginal cost in EURO/MWhe, the marginal energy use in MWhi/MWhe 
and the marginal CO2-equivalent emissions in kg/MWhe.   

Figure 89 to Figure 92 show the marginal costs and the marginal CO2-equivalent 
emissions for all zones.  Figure 89 and Figure 91 show all 8760 values.  Figure 90 
and Figure 92 only show the results for week 1.  In order to be able to interpret the 
order of magnitude of the numbers in these graph, the values for the marginal 
generation of several technologies at rated output are listed in Table 35. 
 

 marginal costs 
EURO/MWhE 

marginal emissions 
kgCO2-eq/MWhE 

nuclear, 35% 7.2 0 
Rankine coal, 38% 13.1 860 

Rankine lignite, 32% 10.2 1 120 
Combined Cycle gas, 55% 12.4 360 

Table 35 :  Marginal costs and emissions of different generating technologies at rated output 

11.2.2.5 Minutes reserve 

Unit commitment and generation itself are optimised under the boundary condition 
that every zone can guarantee its own minutes reserve.  This is also checked and 
graphically shown in Figure 93 for all four zones during week 16.  The thick line 
represents the minimum required minutes reserve level.  It appears that zone 1 is 
unable to provide its own minutes reserve during a considerable period of time.  
Therefore, it seems necessary to expand this system. 

11.2.2.6 Note on allocation of cogeneration 

Zone 1 has 4000 MWE installed capacity in cogeneration.  On an annual basis, the 
results for these cogeneration units are the following: 

electricity generation 28.8 TWhE/a 
heat generation 31.8 TWhQ/a 
primary-energy use 72.5 TWhi/a 
CO2-equivalent emissions 15.31 Mton 
primary-energy costs 525 MEURO/a 
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These values are also available in the output of E-Simulate.  In the graphical output 
to the screen, however, only the electric part is shown.  For the primary-energy use, 
CO2 emissions and primary-energy costs only the part allocated to the electric side is 
shown.  For this allocation, the energetic division rule described in Section 1.6.2 in 
Eq. (1.3), is used.  For the results for the cogeneration in zone 1, this leads an 
allocation where about 49% of the primary-energy use, CO2 emissions and 
primary-energy costs is allocated to the electric side.   
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Figure 84a :  Generation and CO2-emissions for zone 1 
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Figure 84b :  Generation and CO2-emissions for zone 2 
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Figure 84c :  Generation and CO2-emissions for zone 3 
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Figure 84d :  Generation and CO2-emissions for zone 4 
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Figure 85 :  Demand on generation level, remaining demand after storage and release 

correction and power generation per zone for week 16 
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Figure 86 :  Generation mix per zone2 

                                                     
2  The legend of every figure shows the technology used (number taken from Table 28) as 

well as the primary energy used. 



181 Chapter 11 

G
E

N
E

R
A

TI
O

N
 [G

W
h E/h

]

ZONE 1, week 16

0

2

4

6

8

10

31, nat. gas  
22, nat. gas  
22, nat. gas  
11, coal      
102, renew able
200, cogen.   

time   [h]

C
O

2 [k
to

n/
h]

24 48 72 96 120 144 168
0

1

2

3

4

5

 
Figure 87a :  Generation mix per zone for week 16, zone 1 
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Figure 87b :  Generation mix per zone for week 16, zone 2 
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Figure 87c :  Generation mix per zone for week 16, zone 3 
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Figure 87d :  Generation mix per zone for week 16, zone 4 
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Figure 88a :  Cross-border activity between zones for week 1 
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Figure 88b :  Cross-border activity between zones for week 16 
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Figure 88c :  Cross-border activity between zones for week 31 
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Figure 89 :  Marginal costs for simple four-zone model; one value for every hour 
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Figure 90 :  Marginal costs for simple four-zone model; results for week 1 
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Figure 91 :  Marginal CO2 emissions in simple four-zone model; one value for every hour 
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Figure 92 :  Marginal CO2 emissions in simple four-zone model; results for week 1 
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Figure 93 :  Minutes reserve in four zones during week 16 
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11.2.2.7 Detailed output 

Zone 1 

GENERAL RESULTS  
 demand                        94029 GWhE/a 
 generation                    78668 GWhE/a 
 CO2 emissions                   436 kgCO2e/MWhE(gen) 
 CO2 emissions              34309378 tonCO2e/a 
 primary energy cost          11.794 EURO/MWhE(gen) 
 primary energy cost          927837 kEURO/a 
 primary-energy use             1781 kWhi/MWhE(gen) 
 primary-energy use           140133 GWhi/a 
 cross-border outflow              2 GWhE/a 
 cross-border inflow           15363 GWhE/a 
 total transit                     2 GWhE/a 
SPECIFIC RESULTS, co-generation 
 power installed                4000 MWE 
 generation                    28763 GWhE/a 
 CO2 emissions                   253 kgCO2e/MWhE(gen) 
 primary energy cost           8.674 EURO/MWhE(gen) 
 primary-energy use             1199 kWhi/MWhE(gen) 
SPECIFIC RESULTS, wind 
 power installed                1000 MWE 
 generation                     1770 GWhE/a 
 CO2 emissions                     0 kgCO2e/MWhE(gen) 
 primary energy cost           0.000 EURO/MWhE(gen) 
 primary-energy use             1000 kWhi/MWhE(gen) 
SPECIFIC RESULTS, Rankine coal 
 power installed                3000 MWE 
 generation                    13388 GWhE/a 
 CO2 emissions                   975 kgCO2e/MWhE(gen) 
 primary energy cost          14.858 EURO/MWhE(gen) 
 primary-energy use             2811 kWhi/MWhE(gen) 
SPECIFIC RESULTS, Combined Cycle gas 
 power installed                3000 MWE 
 generation                    19452 GWhE/a 
 CO2 emissions                   385 kgCO2e/MWhE(gen) 
 primary energy cost          13.199 EURO/MWhE(gen) 
 primary-energy use             1824 kWhi/MWhE(gen) 
SPECIFIC RESULTS, Combined Cycle gas 
 power installed                3000 MWE 
 generation                    15295 GWhE/a 
 CO2 emissions                   425 kgCO2e/MWhE(gen) 
 primary energy cost          14.559 EURO/MWhE(gen) 
 primary-energy use             2012 kWhi/MWhE(gen) 
SPECIFIC RESULTS, Brayton 
 power installed                 500 MWE 
 generation                        0 GWhE/a 
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Zone 2 

GENERAL RESULTS  
 demand                        73960 GWhE/a 
 generation                    60047 GWhE/a 
 CO2 emissions                   208 kgCO2e/MWhE(gen) 
 CO2 emissions              12504165 tonCO2e/a 
 primary energy cost           9.399 EURO/MWhE(gen) 
 primary energy cost          564413 kEURO/a 
 primary-energy use             2770 kWhi/MWhE(gen) 
 primary-energy use           166360 GWhi/a 
 cross-border outflow           3383 GWhE/a 
 cross-border inflow           17391 GWhE/a 
 total transit                  3383 GWhE/a 
SPECIFIC RESULTS, nuclear 
 power installed                6000 MWE 
 generation                    44543 GWhE/a 
 CO2 emissions                     0 kgCO2e/MWhE(gen) 
 primary energy cost           7.694 EURO/MWhE(gen) 
 primary-energy use             2857 kWhi/MWhE(gen) 
SPECIFIC RESULTS, Rankine coal 
 power installed                2000 MWE 
 generation                     8806 GWhE/a 
 CO2 emissions                   928 kgCO2e/MWhE(gen) 
 primary energy cost          14.148 EURO/MWhE(gen) 
 primary-energy use             2677 kWhi/MWhE(gen) 
SPECIFIC RESULTS, Rankine repowering coal/gas 
 power installed                1000 MWE 
 generation                     3446 GWhE/a 
 CO2 emissions                   819 kgCO2e/MWhE(gen) 
 primary energy cost          14.323 EURO/MWhE(gen) 
 primary-energy use             2541 kWhi/MWhE(gen) 
SPECIFIC RESULTS, Rankine coal 
 power installed                1000 MWE 
 generation                      209 GWhE/a 
 CO2 emissions                   989 kgCO2e/MWhE(gen) 
 primary energy cost          15.077 EURO/MWhE(gen) 
 primary-energy use             2853 kWhi/MWhE(gen) 
SPECIFIC RESULTS, Combined Cycle gas 
 power installed                3000 MWE 
 generation                     3043 GWhE/a 
 CO2 emissions                   428 kgCO2e/MWhE(gen) 
 primary energy cost          14.661 EURO/MWhE(gen) 
 primary-energy use             2026 kWhi/MWhE(gen) 
SPECIFIC RESULTS, Brayton 
 power installed                 700 MWE 
 generation                        0 GWhE/a 
SPECIFIC RESULTS, Storage 
 dual storage power             1300 MWE 
 dual storage input              473 GWhE/a 
 dual storage output             379 GWhE/a 
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Zone 3 

GENERAL RESULTS  
 demand                       351823 GWhE/a 
 generation                   382404 GWhE/a 
 CO2 emissions                    23 kgCO2e/MWhE(gen) 
 CO2 emissions               8895821 tonCO2e/a 
 primary energy cost           6.821 EURO/MWhE(gen) 
 primary energy cost         2608276 kEURO/a 
 primary-energy use             2600 kWhi/MWhE(gen) 
 primary-energy use           994192 GWhi/a 
 cross-border outflow          39841 GWhE/a 
 cross-border inflow               0 GWhE/a 
 total transit                     0 GWhE/a 
SPECIFIC RESULTS, photovoltaic 
 power installed                4000 MWE 
 generation                     7764 GWhE/a 
 CO2 emissions                     0 kgCO2e/MWhE(gen) 
 primary energy cost           0.000 EURO/MWhE(gen) 
 primary-energy use                0 kWhi/MWhE(gen) 
SPECIFIC RESULTS, hydro 
 power installed                5500 MWE 
 generation                    43362 GWhE/a 
 CO2 emissions                     0 kgCO2e/MWhE(gen) 
 primary energy cost           0.000 EURO/MWhE(gen) 
 primary-energy use             1000 kWhi/MWhE(gen) 
SPECIFIC RESULTS, nuclear 
 power installed               20000 MWE 
 generation                   148465 GWhE/a 
 CO2 emissions                     0 kgCO2e/MWhE(gen) 
 primary energy cost           7.694 EURO/MWhE(gen) 
 primary-energy use             2857 kWhi/MWhE(gen) 
SPECIFIC RESULTS, nuclear 
 power installed               30000 MWE 
 generation                   174371 GWhE/a 
 CO2 emissions                     0 kgCO2e/MWhE(gen) 
 primary energy cost           7.746 EURO/MWhE(gen) 
 primary-energy use             2876 kWhi/MWhE(gen) 
SPECIFIC RESULTS, Rankine lignite 
 power installed                1000 MWE 
 generation                     2644 GWhE/a 
 CO2 emissions                  1246 kgCO2e/MWhE(gen) 
 primary energy cost          11.366 EURO/MWhE(gen) 
 primary-energy use             3377 kWhi/MWhE(gen) 
SPECIFIC RESULTS, Rankine coal 
 power installed                5000 MWE 
 generation                     5659 GWhE/a 
 CO2 emissions                   964 kgCO2e/MWhE(gen) 
 primary energy cost          14.689 EURO/MWhE(gen) 
 primary-energy use             2780 kWhi/MWhE(gen) 
SPECIFIC RESULTS, Rankine coal 
 power installed                5000 MWE 
 generation                      139 GWhE/a 
 CO2 emissions                  1061 kgCO2e/MWhE(gen) 
 primary energy cost          16.166 EURO/MWhE(gen) 
 primary-energy use             3059 kWhi/MWhE(gen) 
SPECIFIC RESULTS, Rankine oil 
 power installed                9000 MWE 
 generation                        0 GWhE/a 
SPECIFIC RESULTS, Brayton 
 power installed                2000 MWE 
 generation                        0 GWhE/a 
SPECIFIC RESULTS, storage 
 dual storage power             4000 MWE 
 dual storage input             3743 GWhE/a 
 dual storage output            2994 GWhE/a 
 single storage power          11000 MWE 
 single storage output         10008 GWhE/a 
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Zone 4 

GENERAL RESULTS  
 demand                       438801 GWhE/a 
 generation                   428329 GWhE/a 
 CO2 emissions                   531 kgCO2e/MWhE(gen) 
 CO2 emissions             227489051 tonCO2e/a 
 primary energy cost           8.712 EURO/MWhE(gen) 
 primary energy cost         3731673 kEURO/a 
 primary-energy use             2785 kWhi/MWhE(gen) 
 primary-energy use          1192807 GWhi/a 
 cross-border outflow          11980 GWhE/a 
 cross-border inflow           22452 GWhE/a 
 total transit                 11922 GWhE/a 
SPECIFIC RESULTS, wind 
 power installed                6000 MWE 
 generation                    15955 GWhE/a 
 CO2 emissions                     0 kgCO2e/MWhE(gen) 
 primary energy cost           0.000 EURO/MWhE(gen) 
 primary-energy use             1000 kWhi/MWhE(gen) 
SPECIFIC RESULTS, hydro 
 power installed                3000 MWE 
 generation                    23652 GWhE/a 
 CO2 emissions                     0 kgCO2e/MWhE(gen) 
 primary energy cost           0.000 EURO/MWhE(gen) 
 primary-energy use             1000 kWhi/MWhE(gen) 
SPECIFIC RESULTS, nuclear 
 power installed               25000 MWE 
 generation                   185591 GWhE/a 
 CO2 emissions                     0 kgCO2e/MWhE(gen) 
 primary energy cost           7.694 EURO/MWhE(gen) 
 primary-energy use             2857 kWhi/MWhE(gen) 
SPECIFIC RESULTS, Rankine lignite 
 power installed               25000 MWE 
 generation                   164090 GWhE/a 
 CO2 emissions                  1158 kgCO2e/MWhE(gen) 
 primary energy cost          10.566 EURO/MWhE(gen) 
 primary-energy use             3139 kWhi/MWhE(gen) 
SPECIFIC RESULTS, Rankine coal 
 power installed               25000 MWE 
 generation                    39041 GWhE/a 
 CO2 emissions                   958 kgCO2e/MWhE(gen) 
 primary energy cost          14.602 EURO/MWhE(gen) 
 primary-energy use             2763 kWhi/MWhE(gen) 
SPECIFIC RESULTS, Brayton 
 power installed                3000 MWE 
 generation                        0 GWhE/a 
 CO2 emissions                   603 kgCO2e/MWhE(gen) 
 primary energy cost          20.677 EURO/MWhE(gen) 
 primary-energy use             2857 kWhi/MWhE(gen) 

 



 

12. E-SIMULATE MODELLING POSSIBILITIES:  
OVERALL VIEW 

12.1 Introduction 
Whereas the comprehensive modelling example of the previous chapter concentrated 
on the illustrative aspects of the output, the modelling example treated in this 
chapter demonstrates the capabilities of the model E-Simulate for more realistic 
situations in which many zones with detailed power-system input are considered in 
an interconnected context.  In this example, eight zones are considered.  Zones 1 
through 8 are based on information gathered for actual countries, as indicated in 
Table 36.  Each country is, for simplicity, modelled as one single zone. 
 

Zone 1 the Netherlands 
Zone 2 Belgium and Luxemburg 
Zone 3 France 
Zone 4 Germany 
Zone 5 Spain 
Zone 6 Portugal 
Zone 7 Switzerland 
Zone 8 Italy 

Table 36 :  Eight zones and the corresponding countries 

12.2 Three cases 

12.2.1 Standard test case 

The input for the model is taken from the UCPTE yearbook of 1998 [113], where 
statistics on the total demand, maximum demand and the overall composition of the 
power system are included. 

Data that cannot be retrieved from the UCPTE statistics are estimated.   

An example of such an estimate is the exact shape of the demand.  For this input, 
the Belgian demand shape is scaled linearly according to the following function in 
which the parameters a and b are selected in order to fit the UCPTE statistics of total 
demand and maximum demand. 

 = + ⋅ZONE BelgiumDEMAND a b DEMAND  (12.1) 
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Another example of data not included in the UCPTE statistics and that also needs to 
be estimated, is the full-load efficiency of all individual plants.   

The net-transfer capacity is also not known.  As an estimate, the NTC’s are set equal 
to the maximum load flows listed in the UCPTE yearbook.  The values for the NTC’s 
are listed in Table 37 (zones 2 and 4 are connected at the Luxemburg-German 
border). 
 

 1-2 1-4 2-3 2-4 3-4 3-5 3-7 3-8 4-7 5-6 7-8 

NTC  [MVA] 600 2600 1400 1100 2000 800 2100 2500 2000 600 3000

Table 37 :  Net transfer capacities in test case with eight EU zones 

The general output of E-Simulate for this eight-zone standard test case is shown in 
Figure 94.  The cross-border transactions shown in this figure are net total values.  
Between Belgium and the Netherlands, for instance, the net CBT of 0.285 TWh from 
Belgium to the Netherlands is the sum of 0.759 TWh from Belgium to the 
Netherlands and 0.474 TWh in the other direction. 

The total CO2-equivalent emissions, in this standard test case, amount to 511 Mton 
or 319 kg per MWh generation. 

The simulations reveal several weak points in the eight-zone system.   

• Zone 1 often fails to provide its own minutes reserve.  The maximum 
minutes-reserve deficit amounts to about 400 MW. 

• Some interconnections are constantly highly loaded.  This is especially the case 
for transport from France to neighbouring zones, but especially for the transport 
from France to Italy. 

12.2.2 Variation 1 :  Unlimited CBT 

In a first variation on the standard test case, the cross-border possibilities are 
unlimited.  This variation reveals how the cross-border capabilities should be 
dimensioned to allow optimal trade in our perfect competition scheme.  The results 
of this variation are shown in Figure 95 (note that the scale of the block arrows 
representing the CBT has altered compared to the standard test case in Figure 94). 

For illustrative instructive purposes, it is assumed that local demand does not alter. 

12.2.3 Variation 2 :  European CO2 tax of 10 €/ton 

In a second variation on the standard test case, a European CO2 tax, imposed on 
primary-energy carriers, is introduced.  The NTC’s are the same as in the standard 
test case.  The results of this variation are shown in Figure 96.  It is, again, assumed 
that local demand does not alter.  Also, the primary-energy prices themselves 
(excluding the additional tax) are assumed indifferent to the CO2 tax. 
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ZONE 1, the Netherlands 
 power system 14.82 GW 
 demand 73.1 TWhE 

 maximum demand 11.81 GWE 

 generation 62.5 TWhE 

 storage use — 

 storage generation — 

 CO2 eq emissions 394 kg/MWhE
(1) 

 primary energy use 1738 kWhi/MWhE
(1)

 energy cost 10.95 €/MWhE
(1) 

(1) values per MWhE generation 
(2) values per MWhE demand 

ZONE 2, Belgium-Luxemburg 
 power system 15.72 GW 
 demand 84.8 TWhE 

 maximum demand 12.97 GWE 

 generation 70.9 TWhE 

 storage use 0.900 TWhE 

 storage generation 0.720 TWhE 

 CO2 eq emissions 250 kg/MWhE
(1) 

 primary energy use 2680 kWhi/MWhE
(1)

 energy cost 9.38 €/MWhE
(1) 

ZONE 3, France 
 power system 104.9 GW 
 demand 427 TWhE 

 maximum demand 68.8 GWE 

 generation 483 TWhE 

 storage use 1.343 TWhE 

 storage generation 19.16 TWhE 

 CO2 eq emissions 31.7 kg/MWhE
(1) 

 primary energy use 2690 kWhi/MWhE
(1)

 energy cost 7.18 €/MWhE
(1) 

ZONE 4, Germany 
 power system 99.7 GW 
 demand 477 TWhE 

 maximum demand 71.7 GWE 

 generation 472 TWhE 

 storage use 4.76 TWhE 

 storage generation 4.96 TWhE 

 CO2 eq emissions 462 kg/MWhE
(1) 

 primary energy use 2370 kWhi/MWhE
(1)

 energy cost 8.30 €/MWhE
(1) 

ZONE 7, Switzerland 
 power system 14.91 GW 
 demand 53.4 TWhE 

 maximum demand 8.79 GWE 

 generation 46.3 TWhE 

 storage use — 

 storage generation 18.01 TWhE 

 CO2 eq emissions 16.71 kg/MWhE
(1)

 primary energy use 2050 kWhi/MWhE
(1)

 energy cost 4.41 €/MWhE
(1) 

ZONE 8, Italy 
 power system 66.0 GW 
 demand 279 TWhE 

 maximum demand 45.1 GWE 

 generation 214 TWhE 

 storage use 1.007 TWhE 

 storage generation 18.42 TWhE 

 CO2 eq emissions 695 kg/MWhE
(1) 

 primary energy use 2400 kWhi/MWhE
(1)

 energy cost 12.71 €/MWhE
(1) 

ZONE 6, Portugal 
 power system 8.06 GW 
 demand 33.8 TWhE 

 maximum demand 5.71 GWE 

 generation 25.8 TWhE 

 storage use — 

 storage generation 4.19 TWhE 

 CO2 eq emissions 561 kg/MWhE
(1) 

 primary energy use 2100 kWhi/MWhE
(1)

 energy cost 10.39 €/MWhE
(1) 

ZONE 5, Spain 
 power system 41.2 GW 
 demand 173.0 TWhE 

 maximum demand 27.8 GWE 

 generation 153 TWhE 

 storage use 0.002 TWhE 

 storage generation 16.70 TWhE 

 CO2 eq emissions 463 kg/MWhE
(1) 

 primary energy use 2520 kWhi/MWhE
(1)

 energy cost 9.48 €/MWhE
(1) 
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TOTAL 
 power system 365 GW 
 demand 1601 TWhE 

 maximum demand 253 GWE 

 CO2 eq emissions 319 kg/MWhE
(2) 

 primary energy use 2350 kWhi/MWhE
(2)

 energy cost 8.35 €/MWhE
(2) 

STANDARD TEST CASE 

 
Figure 94 :  General E-Simulate output for eight EU zones; standard test case 
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ZONE 1, the Netherlands 
 power system 14.82 GW 
 demand 73.1 TWhE 

 maximum demand 11.81 GWE 

 generation 57.8 TWhE 

 storage use — 

 storage generation — 

 CO2 eq emissions 389 kg/MWhE
(1) 

 primary energy use 1723 kWhi/MWhE
(1)

 energy cost 10.81 €/MWhE
(1) 

(1) values per MWhE generation 
(2) values per MWhE demand 

ZONE 2, Belgium-Luxemburg 
 power system 15.72 GW 
 demand 84.8 TWhE 

 maximum demand 12.97 GWE 

 generation 69.6 TWhE 

 storage use 0.900 TWhE 

 storage generation 0.720 TWhE 

 CO2 eq emissions 237 kg/MWhE
(1) 

 primary energy use 2680 kWhi/MWhE
(1)

 energy cost 9.31 €/MWhE
(1) 

ZONE 3, France 
 power system 104.9 GW 
 demand 427 TWhE 

 maximum demand 68.8 GWE 

 generation 554 TWhE 

 storage use 1.343 TWhE 

 storage generation 19.16 TWhE 

 CO2 eq emissions 76.6 kg/MWhE
(1) 

 primary energy use 2700 kWhi/MWhE
(1)

 energy cost 7.59 €/MWhE
(1) 

ZONE 4, Germany 
 power system 99.7 GW 
 demand 477 TWhE 

 maximum demand 71.7 GWE 

 generation 492 TWhE 

 storage use 4.76 TWhE 

 storage generation 4.96 TWhE 

 CO2 eq emissions 480 kg/MWhE
(1) 

 primary energy use 2390 kWhi/MWhE
(1)

 energy cost 8.59 €/MWhE
(1) 

ZONE 7, Switzerland 
 power system 14.91 GW 
 demand 53.4 TWhE 

 maximum demand 8.79 GWE 

 generation 46.3 TWhE 

 storage use — 

 storage generation 18.01 TWhE 

 CO2 eq emissions 17.22 kg/MWhE
(1)

 primary energy use 2050 kWhi/MWhE
(1)

 energy cost 4.42 €/MWhE
(1) 

ZONE 8, Italy 
 power system 66.0 GW 
 demand 279 TWhE 

 maximum demand 45.1 GWE 

 generation 146.2 TWhE 

 storage use 1.007 TWhE 

 storage generation 18.42 TWhE 

 CO2 eq emissions 688 kg/MWhE
(1) 

 primary energy use 2290 kWhi/MWhE
(1)

 energy cost 10.76 €/MWhE
(1) 

ZONE 6, Portugal 
 power system 8.06 GW 
 demand 33.8 TWhE 

 maximum demand 5.71 GWE 

 generation 19.84 TWhE 

 storage use — 

 storage generation 4.19 TWhE 

 CO2 eq emissions 467 kg/MWhE
(1) 

 primary energy use 1907 kWhi/MWhE
(1)

 energy cost 8.08 €/MWhE
(1) 

ZONE 5, Spain 
 power system 41.2 GW 
 demand 173.0 TWhE 

 maximum demand 27.8 GWE 

 generation 139 TWhE 

 storage use 0.002 TWhE 

 storage generation 16.70 TWhE 

 CO2 eq emissions 420 kg/MWhE
(1) 

 primary energy use 2500 kWhi/MWhE
(1)

 energy cost 8.91 €/MWhE
(1) 
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 CO2 eq emissions 304 kg/MWhE
(2) 
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 energy cost 8.06 €/MWhE
(2) 
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Figure 95 :  General E-Simulate output for eight EU zones; variation with unlimited CBT 
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ZONE 1, the Netherlands 
 power system 14.82 GW 
 demand 73.1 TWhE 

 maximum demand 11.81 GWE 

 generation 79.0 TWhE 

 storage use — 

 storage generation — 

 CO2 eq emissions 401 kg/MWhE
(1) 

 primary energy use 1788 kWhi/MWhE
(1)

 energy cost 15.63 €/MWhE
(1) 

(1) values per MWhE generation 
(2) values per MWhE demand 

ZONE 2, Belgium-Luxemburg 
 power system 15.72 GW 
 demand 84.8 TWhE 

 maximum demand 12.97 GWE 

 generation 74.3 TWhE 

 storage use 0.159 TWhE 

 storage generation 0.127 TWhE 

 CO2 eq emissions 269 kg/MWhE
(1) 

 primary energy use 2641 kWhi/MWhE
(1)

 energy cost 12.62 €/MWhE
(1) 

ZONE 3, France 
 power system 104.9 GW 
 demand 427 TWhE 

 maximum demand 68.8 GWE 

 generation 476 TWhE 

 storage use 1.343 TWhE 

 storage generation 19.16 TWhE 

 CO2 eq emissions 14.41 kg/MWhE
(1)

 primary energy use 2680 kWhi/MWhE
(1)

 energy cost 7.19 €/MWhE
(1) 

ZONE 4, Germany 
 power system 99.7 GW 
 demand 477 TWhE 

 maximum demand 71.7 GWE 

 generation 446 TWhE 

 storage use 4.36 TWhE 

 storage generation 4.64 TWhE 

 CO2 eq emissions 407 kg/MWhE
(1) 

 primary energy use 2300 kWhi/MWhE
(1)

 energy cost 12.27 €/MWhE
(1) 

ZONE 7, Switzerland 
 power system 14.91 GW 
 demand 53.4 TWhE 

 maximum demand 8.79 GWE 

 generation 46.5 TWhE 

 storage use — 

 storage generation 18.01 TWhE 

 CO2 eq emissions 18.85 kg/MWhE
(1)

 primary energy use 2050 kWhi/MWhE
(1)

 energy cost 4.65 €/MWhE
(1) 

ZONE 8, Italy 
 power system 66.0 GW 
 demand 279 TWhE 

 maximum demand 45.1 GWE 

 generation 227 TWhE 

 storage use 1.007 TWhE 

 storage generation 18.42 TWhE 

 CO2 eq emissions 684 kg/MWhE
(1) 

 primary energy use 2420 kWhi/MWhE
(1)

 energy cost 19.99 €/MWhE
(1) 

ZONE 6, Portugal 
 power system 8.06 GW 
 demand 33.8 TWhE 

 maximum demand 5.71 GWE 

 generation 25.8 TWhE 

 storage use — 

 storage generation 4.19 TWhE 

 CO2 eq emissions 556 kg/MWhE
(1) 

 primary energy use 2100 kWhi/MWhE
(1)

 energy cost 16.02 €/MWhE
(1) 

ZONE 5, Spain 
 power system 41.2 GW 
 demand 173.0 TWhE 

 maximum demand 27.8 GWE 

 generation 153 TWhE 

 storage use 0.002 TWhE 

 storage generation 16.70 TWhE 

 CO2 eq emissions 454 kg/MWhE
(1) 

 primary energy use 2510 kWhi/MWhE
(1)

 energy cost 14.08 €/MWhE
(1) 
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Figure 96 :  General E-Simulate output for eight EU zones; variation with CO2 tax of 

10 €/tonCO2 
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12.2.4 Comparison of the scenarios 

The three scenarios are compared according to local power generation and the fuel 
mix used to establish this generation.  The comparison of the generation mix is 
discussed by means of Figure 97. 

In the case with unlimited CBT (variation 1; Figure 95), especially France significantly 
increases generation because of its abundant and cheap nuclear generating 
capabilities.  This extra generation is especially exported to Italy.  This means that 
the connection between France and Italy, as simulated in the standard test case, is 
the first “weak point” for optimal operation of the liberalisation of the market.  The 
maximum active-power transport from France to Italy is 19 525 MW (compared to 
the NTC limit of 2 500 MW in the standard test case). 

In the case with a CO2 tax of 10 €/tonCO2 (variation 2; Figure 96), the Netherlands, 
Belgium-Luxemburg and Italy increase their output of gas-fired power plants.  France 
cannot increase its nuclear power output due to transport limitations to Italy and 
Spain.  Germany, Spain and France diminish their share of lignite-fired generation.  
Germany and Spain partly replace this lignite-fired by gas-fired generation.  The 
overall effect of the tax is a reduction in CO2 emissions of about 6% (under the 
assumption that electricity demand and primary fuel costs remain the same). 
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Figure 97a :  Comparison of power generation mix in standard test case, variation with 
unlimited CBT and variation with CO2 tax 10 €/tonCO2 for eight zones (Nl, B-Lux, Fr, G) 
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Figure 97b :  Comparison of power generation mix in standard test case, variation with 
unlimited CBT and variation with CO2 tax 10 €/tonCO2 for eight zones (E, P, Ch and I) 
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12.3 Case study; investment in emission reduction 
To further illustrate the scenario approach that can be used to investigate the impact 
of potential measures, a complete case study is analysed in detail.  We assume the 
same eight-zone context as in the previous examples. 

12.3.1 Base case 

The standard test case is the “base case” or “reference scenario” where no specific 
action is taken (Section 12.2.1).  The emissions in this base case are shown in Table 
38. 

12.3.2 CO2 tax of 10 €/tonCO2 

A first possible attempt to reduce emissions is the use of a CO2 tax of 10 €/tonCO2.  
Without further actions (e.g. new investments) and under the assumption that the 
local demand does not change, this results in the scenario called Variation 2 in 
Section 12.2.3.  The results of this case are also shown in Table 38, together with 
the results of the “base case”. 
 

 
 

base case 
 

case with CO2 tax of 10 €/ton 

 
 

Mton g/kWhe 
 

Mton ∆ in Mton ∆ in % 
ZONE 1 

 

25 394 
 

32 +7.1 +29% 
ZONE 2 

 

17.7 250 
 

20 +2.3 +12.8% 
ZONE 3 

 

15.3 32 
 

6.9 -8.5 -55% 
ZONE 4 

 

218 462 
 

182 -36 -16.7% 
ZONE 5 

 

71 463 
 

69 -1.48 -2.1% 
ZONE 6 

 

14.5 561 
 

14.4 -0.109 -0.75% 
ZONE 7 

 

0.77 16.7 
 

0.88 +0.104 +13.5% 
ZONE 8 

 

149 695 
 

155 +6.3 +4.3% 
TOTAL 

 

511 334 
 

480 -31 -6.0% 

Table 38 :  Comparison of the emissions in the base case and the situation with a CO2 tax of 
10 €/tonCO2 

Based on the equimarginal principle, the same results can be obtained by using an 
emission permit system rather than a CO2 tax.  In a permit system, one distributes 
permits for the equivalent of the total 480 Mton (which is the result in the scenario 
with the tax) to the different polluters.  Although the initial allocation of the permits 
will matter for the profit levels of the zones, the exact distribution of these permits is 
not important for the final outcome of trade between the zones.  An elaborate 
explanation of this principle goes beyond the scope of this work.  For further reading 
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on this topic, we refer to  Field and Field [38].  From now on, we only consider the 
case with a CO2 tax. 

These results clearly demonstrate that the a uniform distribution of 
emission-reduction efforts is not efficient.  Some zones can easily achieve a higher 
emission reduction (e.g. zones 3 and 4 with 8.5 Mton and 36 Mton reduction, 
respectively) whereas the emissions of other zones will even increase (e.g. zone 1 
with a 7.1 Mton increase).  There are two main reasons for these differences. 

A first reason is the possibility of cross-border trade.  Indeed, some zones (e.g. 
zone 1 and zone 2) can increase their output of combined-cycle gas-fired power units 
that can generate power with a relatively low carbon intensity.  In the “base case” 
without tax, zone 1 was a net importer (10.6 TWhe/a net import) where in the case 
with a CO2 tax, zone 1 is a net exporter (6.0 TWhe/a net export).  This increased 
generation results in a net joint emission reduction for all eight zones, but evidently 
leads to a local increase in emissions.  This effect is demonstrated in Figure 98 for 
zone 1 where it is clear that the use of the gas-fired units has drastically increased. 
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Figure 98 :  Power generation mix in week 16 in zone 1 in the base case and the case with a 

10 €/ton CO2 tax 
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A second reason for the differences in local emission reduction lies in “easy” 
reduction possibilities that can be achieved by the substitution from fuel with a high 
carbon intensity to other fuels or to import (or a reduction in export).  This effect is 
especially observed in zones with lignite-fired power units such as zone 3, zone 4 and 
zone 5.  Zone 3, for instance, had an a-priori low carbon intensity of only 32 g/kWhe 
because of the large share of nuclear and hydro in its generation mix.  Nevertheless, 
zone 3 can easily achieve a large absolute emission reduction by lowering the output 
from coal- and lignite-fired power stations.  Although these carbon intensive fuels are 
of minor importance in the overall local generation mix, they are solely responsible 
for the local GHG emissions. 

12.3.3 Impact of investment strategy 

The power system used in the previous simulations has most likely been optimised 
for the ”base case” without CO2-emission valuation.  The introduction of a CO2 tax 
might trigger new investments.  Therefore, in a set of alternative scenarios, such 
investments are made. 

Under the boundary conditions considered, the exogenous advisor (as discussed in 
Chapter 8) selects combined-cycle gas-fired units (under the assumption that no new 
nuclear-power stations can be committed and that the potential for hydro units is 
already fully used) as prime investments.  For the possible location of the new 
plants, we make a distinction between zones 2, 5, 6 or 8 (remember that these 
zones correspond to Belgium-Luxemburg, Spain, Portugal and Italy, respectively).  
We also assume that, in total, 1000 MW is invested in. 

To support the decision of the potential investors, four additional scenarios are 
simulated.  Finally, the decision is made by comparing the total costs of these 
alternative scenarios to the costs of the case without investments. 

12.3.3.1 Four scenarios 

The alternative scenarios, all with a CO2 tax of 10 €/tonCO2 are designated scenarios 
CC zone 2, CC zone 5, CC zone 6 and CC zone 8 all with 1000 MW additional CC 
units only in the indicated zone.  The main shifts in electricity generation and 
greenhouse-gas emissions resulting from these scenarios compared to the scenario 
without new investments are shown in Figure 99 and Figure 100.  The variations are 
shown for every zone separately.  In all scenarios, the NTC limits are the same. 

In scenario CC zone 2 with investments in zone 2, the electricity generation in 
zone 2 increases by 3.7 TWh and the new CC units generate 7.1 TWh.  As a result, 
the generation in zones 4, 8 and 1 decreases by 2.5, 0.99 and 0.45 TWh 
respectively.  The overall GHG emissions decrease by 3.2 Mton.  Because of the large 
increase in generation, the emissions in zone 2 increase by 0.21 Mton.  This emission 
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increase is only moderate because the new CC units also partly replace coal-fired 
generation in zone 2.  The emission reduction is especially achieved in zone 4, 
namely 2.6 Mton, where the additional import from zone 2 partly replaces coal- and 
lignite-fired generation. 

In scenario CC zone 5 with investments in zone 5, the electricity generation only 
slightly increases in zone 5 by 0.52 TWh.  This additional generation is largely 
exported to zone 6.  In spite of the net increase in generation, the GHG emissions in 
zone 5 decrease by 3.3 Mton because the generation from the new CC units 
(7.3 TWh in total) partly replaces coal- and lignite-fired generation.  In zone 6, the 
GHG emissions decrease by 0.44 Mton because of the increased import from zone 5.  
The overall GHG-emission decrease is 3.8 Mton in this scenario. 

In scenario CC zone 6 with investments in zone 6, the electricity generation in 
zone 6 increases by 3.4 TWh.  The import from zone 5 decreases by the same 
amount.  Due to the large increase in local generation, the GHG emissions only 
slightly decrease in zone 6 by 0.50 Mton.  The new CC unit generates 7.3 TWh which 
only partly replaces coal- and oil-fired generation.  A larger reduction in GHG 
emissions, namely 2.9 Mton, is obtained in zone 5 because of the reduced power 
generation.  The overall decrease in GHG emissions is 2.4 Mton in this case. 

In scenario CC zone 8 with investments in zone 8, the electricity generation patterns 
in most zones are mainly unaffected.  This means that the new CC unit, that 
generates 7.4 TWh in this case, simply replaces local power generation.  The overall 
reduction in GHG emissions of 2.4 Mton is therefore also largely obtained in zone 8 
itself where the new CC unit mainly replaces power generation from coal- and 
gas-fired units. 

The largest total reduction in GHG emissions is obtained when 1000 MW CC units are 
used in zone 5 or in zone 6.  The case where the units are used in zone 8 is, from an 
emission point of view, the least favourable of the four scenarios considered. 
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Figure 99 :  Change in electricity generation in the scenarios with additional investment in 

1000 MW CC units in zones 2, 5, 6 and 8. 
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Figure 100 :  Change in GHG emissions in the scenarios with additional investment in 1000 MW 

CC units in zones 2, 5, 6 and 8 



209 Chapter 12 

12.3.3.2 Economic investment criterion 

The final investment decision is made on the basis of costs.  Therefore, the cost of 
the alternative scenarios is compared to the costs of the scenario without 
investments. 

For the base case, we take into account the electricity generation costs and the 
emission costs.  For the alternative scenarios, we also add a term for the cost of the 
new investment.  For emissions, we use the value of 10 €/tonCO2 used in all 
scenarios.  For the new investment, an net-equivalent uniform annual value (NUV 
taken from Hendrickson and Au [50]) for the investment is used (p stand for the 
interest rate and n for the lifetime of the equipment). 

 

( )n

p
NUV Investment _ Cost

11
1 p

= ⋅
−

+

 (12.2) 

For the CC units, we assume an investment cost of 400 €/kW and annual O&M costs 
of 25 €/kW.  The net-equivalent uniform value of such units over a lifetime of 20 
years is 32 €/kW.a for a 5% discount rate and 47 €/kW.a for a 10% discount rate.  
Including O&M, this leads to an annual uniform cost of 57 €/kW.a (p=5%) or 
72 €/kW.a (p=10%).  For the 1000 MW investment considered here, the 
net-equivalent annual cost therefore is 57 M€/a (p=5%) or 72 M€/a (p=10%). 

Table 39 shows the comparison of all costs for the 5 scenarios. 
 

CO2 tax 10 €/ton 
no investment CC zone 2 CC zone 5 CC zone 6 CC zone 8 

 M€ M€ M€ M€ M€ 
generation cost 13579 -14 -22 -37 -35 

emission cost 4799 -32 -38 -36 -24 
p=5% 0 +57 +57 +57 +57 investment 

cost p=10% 0 +72 +72 +72 +72 
p=5% 18378 +11 -3 -15 -2 

TOTAL 
p=10% 18378 +26 +12 -1 +13 

   changes in comparison with scenario “no investment” 

Table 39 :  Comparison of the scenario without investment and the alternatives with additional 
CC units in zones 2, 5, 6 and 8, all with a CO2 tax of 10 €/tonCO2  

The largest emission reduction can be obtained when new CC units are installed in 
zone 5.  Nevertheless, scenario CC zone 6 is preferred.  Indeed, the total costs are 
the lowest in the scenario where new CC units are built in zone 6.  The decrease in 
emissions is smaller than in scenario CC zone 5, but there is a larger decrease in 
power generation costs. 
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13. SUMMARY, CONCLUSIONS AND 
RECOMMENDATIONS 

13.1 Summary 
The presented research is situated in the broader context of emission-reduction 
targets and trade in electric energy.  Since power generation is a very specific 
problem in this broader energy-economy-environment context, the main goal was 
the establishment of a methodology to accurately simulate power generation in an 
interconnected context. 

The core of this work consists of two main parts.  The first part investigates the 
approach taken for several fundamental aspects of power-generation modelling, 
whereas the second part explains the overall methodology by means of the final 
assembled model itself. 

13.1.1 Fundamental aspects of power-generation modelling in an 
interconnected context 

Power generation is a conglomeration of many facets.  This first part closely and 
profoundly examines how each of these facets can be simulated in an acceptable 
manner.  Acceptable, in this context, stands for a pragmatic compromise between 
accuracy, modelling feasibility and computation time.  The following elements have 
been dealt with. 

Intermittent power sources such as wind power, photovoltaic-power generation 
and co-generation pose simulation challenges because of their fluctuating or 
unpredictable output.  For wind power, it is shown that simulation at a constant 
reduced power output is an acceptable assumption.  For photovoltaic power and for 
co-generation, on the other hand, the generation profiles are very specific and are 
simulated as negative load. 

The economic optimisation of the use of storage units is modelled by levelling 
the original power demand.  For dual storage units, two levels are considered: one 
during storage and one during release.  We economically optimise both levels in 
coordination with the operation of the conventional system. 

For outage planning, we develop a calculated average planning which is based on 
the outage needs of all plants and the room for outages depending on the demand 
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level and the available power.  This average scheme has been compared to a large 
number of random outage schedules and a good resemblance has been obtained. 

We model the reliability of power plants by using the derated power of all plants 
instead of the rated output.  For an example studied, this method is shown to lead to 
the exact same results as the average of the (more realistic) stochastic approach. 

For reserve planning, only minutes reserve is explicitly modelled.  Seconds reserve 
is a power plant feature that is inherently present and hours reserve is present in the 
form of plants not yet activated in the unit-commitment scheme.  For this minutes 
reserve, two methods are tested: the largest-unit reserve and the proportional 
reserve.  Although commonly used, these rules of thumb do not appear to be able to 
generate a stable system reliability.  Therefore, we propose a combined criterion. 

Unit commitment determines which plants need to be “switched on” at every time.  
For this purpose, we designed an advanced heuristic method with good results.  In 
comparison with methods used in the literature, the advanced heuristic method was 
slightly less accurate but a large reduction in computation time was obtained. 

For cross-border-trade modelling, we devised a sequential heuristic method in 
order to simulate perfect competition.  This method fills in demand by sequentially 
addressing generating units that are ranked according to their marginal costs.  
Customers can choose between local generation and import.  For cross-border trade, 
a unique transmission tariff is set according to the spirit of the ETSO principles, 
stating that the tariff should be independent of the contractual of physical path 
without direct transit charges.  Three rules are introduced that support the sequential 
heuristic method.  The first rule states that there is only one marginal cost per zone.  
The second rule states that a zone can only export once its local demand is met.  
The third rule defines transit as export of import.  A large number of test, where the 
sequential heuristic method is compared to mathematical optimisation, demonstrated 
a good agreement between our method and perfect competition. 

For the expansion of the power system, we use an exogenous advisor.  This 
advisor suggests a preference list of new power stations based on the present and 
future economic context.  The final decision, however, is still made by the model 
operator who can also take into account more subjective criteria. 

13.1.2 The model E-Simulate 

The model E-Simulate embodies the overall methodology to simulate power 
generation for a set of interconnected zones.  To do so, the model combines all 
aspects discussed in the first part of this work. 

The model first loads all input files (e.g. demand, power systems and primary energy 
costs).  Next, a number of demand corrections are performed for intermittent power 
sources (photovoltaic and co-generation) and for storage units.  Then, several 

Summary, Conclusions and Recommendations 216 

preparatory sub-modules are executed such as the calculation of the average outage 
schedule, the determination of minutes-reserve requirement and the optimal 
unit-commitment strategy.  Finally, power generation and the corresponding cross-
border trade is modelled. 

The validity of all of the separate methods and procedures has been tested by a 
literature survey or by an error estimate.  The overall compiled model itself is 
validated by a set of simple tests from which the results could be predicted in 
advance. 

In order to demonstrate the possibilities of E-Simulate and of the scenario approach 
for impact assessment, concrete simulations are performed.  The first test-series 
demonstrate the output structure of the model for simulation of four simple zones.  
The second test scheme is a more realistic case, where eight realistic interconnected 
zones (based on the data gathered for eight actual EU zones) are simulated under 
several boundary conditions.  Starting from the standard case, two experiments are 
run.  The first one enables unlimited cross-border trade in order to survey the 
boundaries of the trade in electric energy.  In the second experiment, a CO2 tax of 
10 € per ton CO2 is introduced. 

13.2 Conclusions 
In this work, a method has been developed to accurately model power generation in 
large interconnected systems under the assumption of perfect competition and with 
respect for the technological restrictions and boundary conditions of power 
generation.  The resulting simulation model is sufficiently flexible, transparent, fast 
and accurate. 

The model developed here includes specific power-generation topics such as 
generation from intermittent power sources, scheduling of planned outages, 
optimisation of the use of storage, reliability of power plants, reserve planning, unit 
commitment and cross-border transmission. 

In the assembly of the sub-models and the different methods, a careful consideration 
is made of accuracy, modelling implementation and computation time.  Every module 
is a continual compromise between these three factors, but the validity of the 
pragmatic choices made is, in other existing models, mostly taken for granted.  In 
this document, the validity of the assumptions and simplifications used in all 
sub-modules are thoroughly tested and proven.  This validation is crucial for the 
acceptability and objectivity of the results. 

The resulting model E-Simulate is a powerful tool in the simulation of power 
generation in interconnected systems.  The simulation of scenarios is necessary to 
correctly estimate the effect of potential measures, interventions or even the natural 
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evolution of power generation.  In power-generation policy, currently mostly rule-of-
thumb criteria are used in such cases.  These estimations often lead to wrong or 
conflicting interpretation of the actual impact.  A typical example is the quality 
definition of co-generation where the methods used in different legislative entities 
(Europe, Flanders, Walloon region,…) all lead to different results.  Here, a 
methodology using simulation with E-Simulate can be helpful in obtaining a correct 
and objective impact assessment. 

The bottom line is that the method presented in this research is a valid, objective 
and useful tool in the simulation of the impact of power-generation topics in the 
context of liberalised markets and GHG-emission reduction. 

13.3 Recommendations for future work 

13.3.1 Error estimate 

The simulation results of the model E-Simulate lack error bars or uncertainty 
estimates.  The value of the model would increase considerably if it would generate 
these margins automatically. 

The methodology for the calculation of the uncertainties can largely be copied from 
the method used in PROMIX98 (Voorspools and D’haeseleer [127]).  There, an over-
estimate of the uncertainties is manually calculated for the Belgian situation using 
statistical techniques.  In that error estimate, uncertainties on outage planning, 
reliability of power plants, unpredictable operation of co-generation, marginal 
operation and base load have been estimated.  The last criterion (uncertainty on 
base load) is, in fact, an uncertainty on unit commitment.  The conclusion from this 
analysis was that outage planning and reliability of power plants are the dominant 
factors in the overall uncertainty.  The upper bound of the standard deviation on the 
total annual emissions was, for PROMIX98 and for Belgian conditions in 1997 and 
2005, about 3%. 

In E-Simulate, this methodology needs to be re-evaluated.  Some of the uncertainties 
have been reduced thanks to improvements made (e.g. the better implementation of 
unit commitment) whereas new uncertainties are introduced (such as the uncertain 
operation of wind power stations or uncertainties introduced by the interconnected 
context). 

13.3.2 Iterative refinement 

Many of the modules used in the model are optimised in isolation.  In reality, most of 
these topics interact to some extent.  For instance, optimisation of the use of storage 
depends on the shape and magnitude of demand and on the properties of the 
conventional power system.  For the power system, only the committed part needs 
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to be considered.  Therefore, in the model, unit commitment needs to precede 
storage optimisation.  The optimisation of the unit-commitment strategy, on the 
other hand, depends on the properties of the available units and on the demand they 
still need to deliver.  This demand depends on the use of the storage units.  So, 
storage optimisation needs to precede unit commitment in the model… 

In order to filter out or fully take into account the interdependence of all topics 
considered, an iterative loop can be used between the initial local demand and the 
resulting power-generation in all zones. 

The iterative procedure is already used at one point of the model where unit 
commitment is prepared.  Unit commitment strongly depends on the power 
generation requirement.  For this purpose, demand is first corrected with an estimate 
of the cross-border activities.  Consequently, first CBT is optimised without unit 
commitment resulting in a required generation profile per zone.  Then unit 
commitment is optimised according to these generation profiles.  Finally, the CBT 
module is run again, now with the committed power systems. 

13.3.3 Imperfect competition 

As stated in Section 7, cross-border interaction between zones is assumed to take 
place in perfect competition.  In reality, power generation, however, is unlikely to be 
perfectly competitive because of the relatively small market, hampering transmission 
constraints and partly unreleased information by generators (asymmetry).  
Therefore, it would be interesting to introduce other competition procedures and to 
chart the differences with perfect competition.  Cournot or Nash “games” are not 
new in the economic literature on power generation and trade.  Their implementation 
in large interconnected systems in combination with the detailed technological topics 
on power generation discussed in this research, however, raises an enormous 
challenge. 

13.3.4 Seasonal price differences 

As presented in this work, E-Simulate uses energy prices that are constant 
throughout the year.  In reality, seasonal price difference will occur because of the 
use of some energy carriers for other applications (e.g. room heating in winter).  
Such seasonal variations can be implemented in future versions of E-Simulate.  In 
our method, outage planning is inversely proportional to the demand level.  It is 
possible that economic optimisation further enhances this effect. 

13.3.5 Economic optimisation of planned outages 

The outage-planning module of E-Simulate lacks economic optimisation.  Appendix B 
shows that economic optimisation is not necessary in a system with only two types of 
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plants.  For systems with more plant types, it is possible that the economic 
optimisation leads to different results that the method proposed. 

13.3.6 Applications :  Perform interesting simulations ! 

E-Simulate is a powerful tool for the simulation of power generation in large 
interconnected systems and it is ready for practical use. 

There is a large variety of interesting applications of which a glimpse has already 
been revealed in the case studies presented in Part 2 of this work.  In general, 
E-Simulate is capable to predict the influence of primary-energy prices, energy-taxes 
and emission-taxes, investment strategies, demand-profile alteration or 
demand-reduction strategies on the overall and local power-generation mix. 

In particular, case studies or scenarios in scope of GHG-emission-reduction measures 
and the flexibility granted in the Kyoto protocol by means of emission trading and 
Joint Implementation, can evoke many interesting and challenging simulation goals 
for E-Simulate. 
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Appendix A  
Lagrangian Relaxation for Energy Storage 
Optimisation 

A.1 Energy Storage Optimisation using Lagrangian 
Relaxation 

A method that is quite often used in the literature is the optimisation of storage in a 
conventional power system through an object function in which the cost is to be 
minimised mathematically.  The boundary conditions are included by means of 
Lagrangian multipliers (e.g. Philpott [94] and Wood and Wollenberg [136]). 

A.1.1 METHOD 

In this section, the Lagrangian relaxation method for storage optimisation is 
described briefly.  We merely look at cost minimisation.  The use of storage as 
reserve is not discussed.   

Given, input 

Di Demand for hour i 

CC(D) Total cumulative cost to provide demand D. 

MC(D) Marginal cost for demand D.  This is, in fact, the cost to provide an 
additional kWh.  Infinitesimally, MC mathematically equals the first 
derivative of CC. 

Pmax Maximum input power of the storage unit during charging in [MWh/h]. 

Tmax Maximum output power of the storage unit during release in [MWh/h]. 

ηPT Efficiency from charging to release.  Equation (A.3) arbitrarily equally splits 
up the loss 1-ηPT between release and charging. 

Emax Maximum storable energy in [MWh]. 

Unknown, output 

Ti Release during hour i in [MWh/h] 

Pi Charging during hour i in [MWh/h] 

CDi Corrected demand during hour i.  This is the remaining demand for the 
conventional power system without the storage facilities in [MWh/h]. 

Ei Total stored energy at hour i in [MWh]. 

Equations 
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Solution 

The solution of the problem consists of minimising the cost functions, taking into 
account all boundary conditions by means of Lagrangian multipliers.  The following 
function L needs to be minimised. 
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  (A.10) 

An additional boundary condition, namely ⋅ =i iT P 0 , could be added to prevent 

charging and release at the same time.  This condition is, however, superfluous since 
it would be economically unfavourable to charge and release at the same time.  The 
only net effect would be that additional conventional power is needed to provide the 
losses from charging to release. 
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The minimisation of L results in the following equations. 

 
( )∂ − + − η∂  

= = + λ + λ − + λ + λ ∂ ∂  

L i i i PT
1 2i 3i 6i

i i

CC D T P 1
0 1

2T T
 

  (A.11) 

 
( )∂ − + − η ∂

= = − λ ⋅ η − λ ⋅ − + λ + λ ∂ ∂  

L i i i PT
1 PT 2i 4i 7i

i i

CC D T P 1
0 1

P P 2
 

  (A.12) 

 +
∂

= = λ − λ + λ + λ
∂

L
2i 2,i 1 5i 8i

i
0

E
 (A.13) 

 
∂

= = − η ⋅
∂λ ∑ ∑L

i PT i
1 i i

0 T P  (A.14) 

 −
− η  − η∂  

= = − − ⋅ − + −   ∂λ   

L PT PT
i i 1 i i

2i

1 1
0 E E P 1 T 1

22
 (A.15) 

 
∂

= = − + µ
∂λ

L 2
i max 3i

3i
0 T T  (A.16) 

 
∂

= = − + µ
∂λ

L 2
i max 4i

4i
0 P P  (A.17) 

 
∂

= = − + µ
∂λ

L 2
i max 5i

5i
0 E E  (A.18) 

 
∂

= = − µ
∂λ

L 2
i 6i

6i
0 T  (A.19) 

 
∂

= = − µ
∂λ

L 2
i 7i

7i
0 P  (A.20) 
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= = − µ
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L 2
i 8i

8i
0 E  (A.21) 

 
∂

= = λ ⋅ µ
∂µ

L
3i 3i

3i
0  ,  … ,  

∂
= = λ ⋅ µ

∂µ
L

8i 8i
8i

0  (A.22) 

Under the assumption that the derivative of CC equals MC (the exact derivative of CC 
is unpractical since CC is a discontinuous function), Eqs. (A.11) and (A.12) can be 
written as follows. 

 ( ) − η∂  
= = − − + + λ + λ − + λ + λ ∂  

L PT
i i i 1 2i 3i 6i

i

1
0 MC D T P 1

2T
 (A.23) 
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 ( ) − η ∂
= = − + − λ ⋅ η − λ ⋅ − + λ + λ ∂  

L PT
i i i 1 PT 2i 4i 7i

i

1
0 MC D T P 1

P 2
 (A.24) 

A.1.2 PRACTICAL USE OF THE METHOD 

The applicability of Lagrangian relaxation is not self-evident for this type of 
optimisation.  The main problem is the mathematical representation of all functions. 

Wood and Wollenberg [136] suggest to express the cumulative cost CC of a power 
plant as a quadratic function of the load.  In spite of the approximations made in this 
simplification (the cost curves rarely resemble a continuous curve due to discrete 
operations such as the opening of valves or the activation of pumps for the variation 
of the output of the plant), it leads to acceptable results on the level of the plant 
considered.  The problem is that a power system consists of many individual power 
plants with very different cost functions.  Even when the individual cost curves may 
be approximated by quadratic functions, this may not be the case for the total 
cumulative cost function.  Furthermore, in many cases both the CC and the MC are 
available in tabular form. 

Another problem with fitting a mathematical function to the marginal-cost curve is 
that the composition of the power system is time dependent (in function of outages 
and unit commitment) and therefore would need to be constructed repeatedly. 

A.2 Simplified Lagrangian method for energy storage 
optimisation 

In order to simplify the method, the number of variables can drastically be reduced. 

Instead of searching for a charging power Pi and release power Ti for every hour, 
two load levels will be investigated : a charging and a release level.  If the overall 
load is lower than the charging level, the storage facility is charged.  If demand 
exceeds the release level, energy is released.  During release and charging, demand 
for the conventional plants remains constant.  The two resulting load levels per day 
can be optimised.  This approach is illustrated in Figure 101 for one week. 
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Figure 101 :  Introduction of two load levels per day.  Demand above the “top” level is 

delivered through release of the storage facility, the power below the “bottom” level is used for 
charging. 

This method is an extension of the simple load levelling scheme that is used in 
PROMIX (Voorspools and D’haeseleer [128]), but instead of applying the load levels 
by hand, they are now economically optimised. 

The physical boundary conditions are the following.   

• The differences between the charging level and the minimum demand, on the 
one hand, and the release level and the maximum demand, on the other hand, 
may not exceed the maximum available power of the storage unit.  This results in 
two boundary conditions for maximum charging and release power. 

• The energy content of the reservoir may never be larger (smaller) than the 
maximum capacity (minimum allowed content).  This is translated into two 
boundary conditions. 

• Finally, also the efficiency of the charging-release process needs to be respected. 

A.2.1 EQUATIONS FOR SIMPLIFIED LAGRANGIAN RELAXATION 

The new equation for the corrected demand is: 

 ( )( )=i i i iCD min T ,max P ,D  (A.25) 

Ti stands for the release level and Pi for the charging level.  In the convention of 
Figure 101, this means that, for instance, T1 to T24 all equal Twed, and similarly for Pi.  
Therefore, the following, less ambiguous notation is used. 
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 ( )( )=i wed wed iCD min T ,max P ,D  for i=[1,24] 

  . . . . .  ( )( )=i tue tue iCD min T ,max P ,D  for i=[145,168] (A.26) 

The electricity generation cost is still written as: 

 ( )= ∑ i
i

COST CC CD  (A.27) 

The first set of boundary conditions for the maximum charging and release power 
are: 

 ( ) ( )∀ − ≤ − ≤i i max i i maxi   :     max D CD T    and   max CD D P  (A.28) 

The equations for the rest of the boundary conditions remain the same as for the 
original Lagrangian relaxation method discussed earlier. 

A.2.2 CONCLUDING REMARKS ON THE SIMPLIFIED LAGRANGIAN APPROACH 

The introduction of one charging and one release level for every day drastically 
reduces the number of equations and variables.  Every day, the 48 variables Ti and Pi 
are replaced by only two : Tday and Pday. 

The other problems of the method still remain.  CC and MC are still only available as 
tables and not as (at best continuous) functions which hampers mathematical 
optimisation. 
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Appendix B  
Economic optimisation of outage planning in a 
case with two dominant types of power plants 

For the theoretical economic optimisation of outage planning, the mathematical 
approach of minimising a total cost function with boundary conditions can be used.  
The boundary conditions in this case are the outage requirements of the power 
plants and the fact that sufficient capacity is available to meet demand at all times. 

In order to simplify the mathematics needed for this test, a simplified representation 
of power plants and the total power system will be used.  We consider a power 
system with two types of power plants both characterised by a constant (but 
different) marginal cost MC: type X with low marginal cost MCX and type Y with high 
marginal cost MCY.  From an operational point of view, we suppose the plants to 
have a linear operating characteristic without minimum operation point.  In this 
approach, it is plausible that all the plants of type X have a lower ranking order than 
the plants of type Y.  The plants have a total capacity of PX and PY (in MW) and total 
outage requirement (in MW-weeks per year) of OX and OY, respectively.  The 
electricity demand is assumed to be constant within every week and is denoted by Di 
for week i.   

The total electricity generation cost function that needs to be minimised is the 
following : 

 ( ) ( )( )
=

⋅ − + ⋅ − −∑
52

X X i Y i X i
i 1

MC P OX MC D P OX  (B.1) 

with PX = total installed power for plants of type X  [MW] 
PY = total installed power for plants of type Y  [MW] 
OXi = total outage of plants of type X in week i  [MW] 
OYi = total outage of plants of type Y in week i  [MW] 
OX = outage requirements for plants of type X  [MW-weeks] 
OY = outage requirements for plants of type Y  [MW-weeks] 
Di = total constant power demand in week i  [MW] 
MCX = marginal operation cost of plant of type X 
MCY = marginal operation cost of plant of type Y 

The first term in the minimisation problem suggests that the available plants of 
type X all operate at full available load  PX - OXi  and that the remaining part of the 
electricity demand  Di - ( PX - OXi )  is provided by the plants of type Y.  This is, 
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evidently, only the case when demand Di is larger than the available power  PX - OXi  
(which is, in other words, intrinsically supposed here). 

The terms of Eq. (B.1) can be rearranged to a constant and a variable part as 
follows : 

 ( )
= =

 
 ⋅ + ⋅ − ⋅ + ⋅ −
 
 
∑ ∑
52 52

X X Y i Y X i Y X
i 1 i 1

MC P MC D MC P OX MC MC  (B.2) 

The boundary conditions are the following : 

 
=

=∑
52

i
i 1

OX OX    and   
=

=∑
52

i
i 1

OY OY  (B.3) 

 ( ) ( )− + − ≥X i Y i iP OX P OY D  for all weeks i (B.4) 

This results in a Lagrangian function : 
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= =

= = =

 
 ⋅ + ⋅ − ⋅ + ⋅ −
 
 

   
   + λ ⋅ − + λ ⋅ − + γ ⋅ − + − − − µ
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L =
52 52

X X Y i Y X i Y X
i 1 i 1
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2

1 i 2 i i X i Y i i i
i 1 i 1 i 1
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      OX OX OY OY P OX P OY D

 

  (B.5) 

Optimisation leads to the following equations : 

 
∂

= + + λ − γ =
∂

L
x y 1 i

i
0  :  MC MC 0

OX
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∂

= λ − γ =
∂

L
2 i

i
0  :  0

OY
 (B.7) 
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= =
∂λ ∑L 52

i
1 i=1

0  :  OX OX  (B.8) 

 
∂

= =
∂λ ∑L 52

i
2 i=1

0  :  OY OY  (B.9) 

 
∂

= + − − = + µ
∂γ

L 2
x y i i i i

i
0  :  P P OX OY D  (B.10) 

 
∂

= γ ⋅ µ =
∂µ

L
i i

i
0  :  0  (B.11) 

In total, there are 4*52+2 equations and variables. 

Equation (B.7) shows that γi=λ2 for all weeks i.  Therefore, Eqs. (B.6) through (B.11) 
can be rewritten as follows : 
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∂

= + + λ − λ =
∂

L
x y 1 2

i
0  :  MC MC 0

OX
 (B.12) 
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= =
∂λ ∑L 52

i
1 i=1

0  :  OX OX  (B.13) 

 
∂

= =
∂λ ∑L 52

i
2 i=1

0  :  OY OY  (B.14) 

 
∂

= + − − = + µ
∂γ

L 2
x y i i i i

i
0  :  P P OX OY D  (B.15) 

 
∂

= λ ⋅ µ =
∂µ

L
2 i

i
0  :  0  (B.16) 

Now, there are still 3*52+2 variables (all γi have been replaced) with only 2*52+3 
equations.  This is caused by the expressions in Eq. (B.6), 52 in total, that have been 
replaced by 52 identical expressions in Eq. (B.12).  This means that the solution is 
not unique and that 51 variables may be chosen.  In fact, most of the remaining 
equations (namely Eqs. (B.13) through (B.16)) are related to the boundary 
conditions.  So, once λ1 and λ2 are chosen, the expressions in Eq. (B.12) can be 
solved and only the boundary conditions remain. 

Therefore, for a power system with only two types of power plants, we can conclude 
that the only requirements are set by the boundary conditions stating that demand 
has to be met at every time and that the total outage requirements are respected.   
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Appendix C  
Proof to theorem in Chapter 4 

IF Pn(X)  =  α.Pn-1(X+C) + (1-α).Pn-1(X) 

and multiplication in P0 is defined as follows : 
P0(X+aC).P0(X+bC)  =  P0(X+(a+b)C) 
P0(X) is neutral element for multiplication 

THEN Pn(X)  =  [P1(X)]n  =  [ α.P0(X+C) + (1-α).P0(X) ]n 

 

Following sequences can be calculated from the definition of Pn and proves the theorem for 
n=0, n=1, n=2 and n=3 

P0(X) =  [P1(X)]0 

P1(X) =  α.P0(X+C) + (1-α).P0(X)  =  [P1(X)]1 

P2(X) =  α.P1(X+C) + (1-α).P1(X)   
 =  α.[ α.P0(X+2C) + (1-α).P0(X+C) ]  +  (1-α).[ α.P0(X+C) + (1-α).P0(X) ] 
 =  α2.P0(X+2C) + 2α(1-α).P0(X+C) + (1-α)2.P0(X) 
 =  [P1(X)]2 

P3(X) =  α.P2(X+C) + (1-α).P2(X) 
 =  α.[ α2.P0(X+3C) + 2α(1-α).P0(X+2C) + (1-α)2.P0(X+C) ]   
    +  (1-α).[ α2.P0(X+2C) + 2α(1-α).P0(X+C) + (1-α)2.P0(X) ] 
 =  α3.P0(X+3C) + 3α2(1-α).P0(X+2C) + 3α(1-α)2.P0(X+C) + (1-α)3.P0(X) 
 =  [P1(X)]3 
 

Suppose  

Pn(X) =  [ P1(X) ]n 
 =  [ α.P0(X+C) + (1-α).P0(X) ]n 

 =  ( ) −−

=

 
⋅ α ⋅ + ⋅ − α ⋅        
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0 0
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 Newton's binomial 
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0
k 0

n
1 P (X kC)
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          (A) multiplication in P0 

Then 

Pn+1(X) =  α . Pn(X+C) + (1-α) . Pn(X) 

 =  ( ) ( )−

=

 
α ⋅ ⋅ α ⋅ − α ⋅ + + 

 
∑
n n kk

0
k 0
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1 P X (k 1)C

k
 

  + ( ) ( ) −

=

 
− α ⋅ ⋅ α ⋅ − α ⋅ + 

 
∑
n n kk

0
k 0

n
1 1 P (X kC)

k
 fill in (A) 
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   rewrite sum and multiplication in P0 
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n 1n 1
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0P X C  + 
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k 1

n 1
1 P X C P X

k
  

  + ( ) ++− α ⋅   
n 1n 1

01 P (X)  multiplication in P0 and properties of combinations  

 =  ( ) ( ) ( )
+ + −+ −

=

+     ⋅ α ⋅ − α ⋅ + ⋅      
∑
n 1 k n 1 kn 1 kk

0 0
k 0

n 1
1 P X C P X

k
 

 =  [ α.P0(X+C) + (1-α).P0(X) ]n+1
 Newton's binomial 

 =  [ P1(X) ]n+1  
 

Conclusion 

P0(X) = [P1(X)]0 ,  P1(X) = [P1(X)]1 ,  P2(X) = [P1(X)]2 ; 

if    Pn(X) = [P1(X)]n    then    Pn+1(X) = [P1(X)]n+1 ; 

therefore 

for all n≥0  :  Pn(X) = [P1(X)]n  
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Appendix D  
Opportunities for reserve in an interconnected 
context 

D.1 NTC reserve 

In this appendix, minutes reserve in an interconnected context is discussed, whereby 
also part of the net transfer capacity (NTC) could, under certain conditions, be 
reserved as minutes reserve.  Since this is against the UCTE principles (UCTE [117]), 
it will not be used in the model.  The following example merely points out that 
sharing cross-border minutes reserves can, in some cases, improve the overall 
economic system performance. 

D.2 Example 

Two connected zones with system-operating characteristics such as shown in Figure 
102 are considered.  The operating characteristic is simplified to a first order system.  
Note that the absolute position of the line depends on the number of plants 
committed whereas the angle of the line is assumed to be indifferent to the number 
of plants activated. 

C
O

ST

MWh

~  commitment
~  # activated plants

marginal cost

 
Figure 102 :  Simplified operating characteristics for power systems 

For the two zones, these characteristics are filled in as shown in Figure 103.  Both 
systems consist of identical 1000 MW units.  The zero power output of a plant costs 
1000 COST (arbitrary unit) per plant for each system.  The units in System_E (E for 
Expensive) and System_C (C for Cheap) operate with marginal costs of 2 and 
1 COST/MWh, respectively.  Also, consider a constant electricity demand of 5000 MW 
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for both systems individually.  The two systems are connected with a transmission 
line with an NTC of 600 MW. 

10
00

 x
 #

MC = 2 COST/MWh

10
00

 x
 #

MC = 1 COST/MWh

System_E

1000 MW units

System_C

1000 MW units

 
Figure 103 :  Operating characteristic for System_E and System_C 

When each zone needs to provide its own minutes reserve in the form of the largest-
unit reserve, they both need a 1000 MW minutes reserve.  It can be shown that the 
optimal solution in this case is that System_C exports as much as possible (set by the 
NTC) to System_E. This solution is shown in Figure 104.  The total electricity 
generation cost is 27.4 kCOST per hour. 

System_E System_C

demand  [MWh/h] 5000 5000
electricity generation  [MWh/h] 4400 5600

minutes reserve  [MW] 1000 1000
minimum power to commit  [MW] 5400 6600

# units to commit 6 7
total generation cost  [COST/h] 14800 12600

10
00

 x
 6

10
00

 x
 7

System_E System_C

56004400

600

 
Figure 104 :  Economic solution without interconnected reserves 

A different possibility is the (partial) use of the NTC for reserve purposes.  Assume 
that 200 of the available 600 MW is reserved for minutes reserve.  Both systems will 
still need a 1000 MW minutes reserve.  System_E will still import as much as it can 
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from System_C, which is in this case limited to 400 MW.  System_E and System_C 
now only need to provide reserves of respectively 800 MW and 400 MW.  Indeed, if 
one unit in System_E fails, it can use the local 800 MW reserve and additionally 
import 200 MW of the minutes reserve from System_C.  If one unit in System_C fails, 
it can use the local 400 MW and import 600 MW of the minutes reserve from 
System_E.  This case is shown in Figure 105.  The total electricity generation cost is 
lower decreases from 27.4 to 26.6 kCOST per hour which is a drop with 3% in 
comparison to the case without interconnecting minutes reserves.  The costs (start 
up costs and operating costs) from System_E increase from 14.8 to 15.2 kCOST/h 
whereas the costs from System_C fall from 12.6 to 11.4 kCOST/h. 

System_E System_C

demand  [MWh/h] 5000 5000
electricity generation  [MWh/h] 4600 5400

minutes reserve  [MW] 800 400
minimum power to commit  [MW] 5400 5800

# units to commit 6 6
total generation cost  [COST/h] 15200 11400

10
00

 x
 6

10
00

 x
 6

System_E System_C

54004600

400

 
Figure 105 :  Economic solution with interconnected reserves 

The lower overall costs are a result of the increased efficiency of the commitment 
strategy.  Indeed, System_C can afford to shut down one of its power plants and 
avoid the commitment cost.  Also, the system of System_C operates at a better 
operating point.  Without interconnecting reserve, their system operated at 80% (or 
5600/7000) of full load where interconnection of reserve increases this to 90% (or 
5400/6000).   

D.3 Conclusion 

Expanding the minutes reserve to the interconnected context may improve the 
economic operation of the joint power systems.  It is possible to commit less plants 
and to operate them at a higher efficiency (closer to the rated output level). 
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