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ABSTRACT 

The electricity sector is the single most important EU ETS sector and will have determinant 

role in EU ETS emissions and emissions reductions. As such, understanding the reaction of 

the sector to EUA
1
 or carbon permit prices, both in the short-term (production) and in the 

long-term (investment) is important to analyse the potential impact of EU ETS policy and 

implications for achieving policy objectives.  

Analysis of the electricity sector for Phase II of the EU ETS confirms the general market 

expectation of switching from coal-based to gas-based, but also biomass-based, technologies 

with increasing EUA prices. Moreover, the emissions results of the model for the short-term 

corroborate market estimations of a long Phase II, but indicate that abatement occurs in spite 

of this, as actors are guided by longer term anticipations of stricter targets and hedge against 

uncertainty. However, the abatement potential of the power sector in the short-term is limited 

by the inertia of the park technology mix. Analysis of the sector over the longer term, to 2030, 

shows that the EUA price can play a role in changing the technology mix of the park towards 

less emissions-intensive one – even facilitating the emergence of CCS (carbon capture and 

storage) – and thus increase the potential for achievable emissions reductions compared to a 

situation where no consideration is given to EUA prices in investment.  

 

Key words: Electricity sector, EU ETS, climate change, technology mix, emissions 

                                                           
1
 European Union Allowances 
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RESUME 

Le secteur électrique, le plus important du SCEQE (système communautaire d’échange de 

quotas), aura un rôle déterminant dans les réductions d’émissions relevant du SCEQE. Une 

compréhension de la réaction de ce secteur face aux prix du quota européen de carbone (ou 

EUA pour European Union Allowance), à court terme au niveau de la production d’électricité, 

et à long terme au niveau des investissements du secteur, est essentielle pour appréhender 

l'impact potentiel du SCEQE en tant qu'instrument de réduction d’émissions. Elle permettra 

également une analyse du rôle de ce secteur dans la réalisation des objectifs du SCEQE. 

L’analyse du secteur électrique dans la phase II du SCEQE confirme les prénotions du marché 

d’un basculement de la production d’électricité à partir du charbon vers une production basée 

plus sur le gaz et la biomasse, pour un champ de prix de l’EUA donné. En outre, les 

estimations en termes des émissions au niveau européen corroborent celles des acteurs du 

marché d'une phase II longue. Toutefois, guidé par une anticipation de long terme et face à 

des incertitudes, le secteur effectue des réductions d’émissions durant cette Phase. Le 

potentiel de réduction d’émissions du secteur électrique dans le court terme est limité par 

l'inertie de la composition du parc électrique. L’analyse du secteur à long terme, d'ici à 2030, 

montre que le prix des EUA peut jouer un rôle dans l'évolution du mix technologique du parc 

pour atteindre un parc globalement moins intense en émissions – le prix de l’EUA faciliterait 

même l'émergence de la CSC (capture et stockage du carbone). Ainsi l’intégration du prix du 

carbone dans les décisions d’investissement pourrait avoir un rôle significatif dans la 

décarbonisation du secteur à long-terme. 

 

Mots clés :  secteur électrique, EU ETS, SCEQE, changement climatique, mixe 

technologique, émissions  
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SYNTHESE EN FRANÇAIS /  

EXTENDED FRENCH SUMMARY 

Le système européen d’échange de quotas (SCEQE pour système communautaire d’échange 

de quotas d’émissions ou, en anglais, EU ETS pour European Union Emissions Trading 

Scheme) est le principal outil de l’Union européenne (UE) pour réduire les émissions de CO2 

des sources stationnaires. Sont couvertes par cette réglementation environ 11,000 installations 

soit 40% des émissions totales de l’UE (50% des émissions de CO2). L’EU ETS devrait 

contribuer à plus de la moitié de l’effort de réduction de l’UE en 2020.  

L’EU ETS est un système d’échange de quotas de type « cap and trade ». Le « cap » ou 

plafond d’émissions, imposé par l’autorité centrale, représente l’objectif environnemental soit 

la quantité d’émissions globales permises pour toutes les installations couvertes par le 

système et  établit le nombre total de quotas disponible correspondant pour les installations 

durant une période donnée. Ces quotas peuvent être échangés entre les opérateurs 

d’installations. Les installations ayant un moindre coût de réduction d’émissions seront donc 

incitées à réduire plus leurs émissions par rapport aux installations ayant un coût de réduction 

plus élevé; ces derniers achèteraient les quotas (« European Union Allowances » (EUA)) 

excédentaires des premiers.  

Le prix du quota résulte de la confrontation de l’offre et de la demande  provenant des 

installations couvertes par le système, compte tenu des différents coûts marginaux 

d’abattement. Ce prix du quota représente le moindre coût nécessaire pour atteindre les 

objectifs de réduction d’émissions ; puisque les acteurs peuvent échanger leurs quotas, les 

réductions d’émissions seront réalisées là où  le coût est moindre, peu importe l’allocation 

initiale des quotas. Ainsi, l’EU ETS  permettrait d’atteindre les réductions d’émissions  à 

moindre coût.  

Le secteur électrique est le secteur le plus dominant dans l'EU ETS, couvrant 39% des 

allocations de l'EU ETS et 48% des émissions à ce jour dans la phase II. Les objectifs de 

réduction d’émissions (EC, 2011) au niveau sectoriel sont de -54% à -68% d'ici 2030 (par 

rapport aux niveaux de 1990) pour le secteur électrique à lui seul, comparativement à une 

réduction de -34% à -40% demandée pour l'ensemble de l'industrie (pour tous secteurs, EU 



Abatement and evolution in the European electric power sector in reaction to the EU ETS carbon price 

signal 

Doctoral thesis: Suzanne Shaw Page 15 

 

ETS et non-EU ETS confondus). Le secteur électrique aura sans aucun doute un rôle 

déterminant sur les niveaux d’émissions, ainsi que les réductions relevant de l'EU ETS, et 

donc un rôle décisif dans la réalisation des objectifs. En tant que tel, il est important d'être en 

mesure de comprendre la réaction de ce secteur face au prix de l'EUA, à la fois à court terme 

et à long terme (investissement). A court terme, les émissions (réductions) du secteur 

dépendent des coûts (marginaux) de production. Le signal-prix du carbone de l'EU ETS 

représente un coût de production marginal supplémentaire pour les technologies carbonées, et 

peut modifier l'ordre du mérite dans le parc existant, en faveur des technologies moins 

émettrices en carbone. A long terme, le prix du carbone de l'EU ETS représente un coût 

(variable) de production supplémentaire, qui peut changer le classement des technologies en 

termes de coût total de l’investissement (et donc le choix d’investissement), en faveur de 

celles qui ont une moindre intensité en carbone. Ceci aurait comme effet de changer le mix 

technologique du parc existant vers un mix moins émetteur. 

Nous sommes donc confrontés à deux points d'intérêt, qui viendront compléter les travaux 

existants dans le domaine : la réaction ou dynamique des émissions à court terme du secteur 

électrique face à un prix de carbone, en fonction d’un parc de production (mix technologique) 

fixe ; et la réaction ou dynamique des émissions du secteur à long terme, face à un prix de 

carbone, où les choix d'investissement peuvent changer la composition du parc. 

Dans cette optique, cette thèse traite plusieurs questions de recherche. La première question 

est: quelles sont les dynamiques à court terme dans le secteur électrique en réaction à un 

signal-prix du carbone de l'UE ETS? Et, ainsi, que pouvons-nous attendre en termes 

d'émissions (et en termes de réductions d’émissions) à court terme et quelles sont les 

implications en ce qui concerne la conformité pour la Phase II. Ici, l'analyse se concentre sur 

la phase II en cours de l’EU ETS, où le parc technologique est largement « statique ». Le 

secteur, en fonction du prix du carbone, décide de son mix technologique de production, ce 

qui détermine en conséquence ses émissions. Le prix du carbone viendrait inciter des 

basculements entre technologies d’intensité en émissions différente. Dans le cadre d’une 

perspective à court terme on s’intéressera également à la question suivante : quel est l'impact 

des décisions soudaines qui ont pour effet de changer la configuration du parc à court terme, à 

savoir l'impact de la décision de l'Allemagne, d'un jour à l'autre, de retirer 8 GW de capacité 

nucléaire de son parc de production électrique? 
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La deuxième question est: quelles sont les dynamiques à long terme dans le secteur électrique 

en réaction à un signal-prix du carbone de l'UE ETS? Et, par conséquent, quelle est l'efficacité 

potentielle de l’EU ETS en tant qu'instrument de réduction des émissions pour ce secteur. Ici, 

l'analyse se concentre sur la période à l'horizon 2030, et enquête sur les choix d'investissement 

qui se dégagent en fonction du signal-prix du carbone. Ceci permet ensuite d’étudier les 

changements dans le mix technologique du parc, qui déterminera en fin de compte le mix de 

production du secteur et donc ses émissions (abattements) au fil du temps. 

Les questions ci-dessus sont traitées à travers l'utilisation d'un modèle. Ce modèle a été 

développé pour représenter les choix technologiques dans la production et dans 

l'investissement dans le secteur électrique en fonction de son anticipation et sa réaction de 

minimisation du coût face à un prix de carbone; les émissions (abattements) sont le résultat 

direct de ces choix technologiques. 

Le modèle contient une représentation technico-économique du secteur électrique, classé en 

fonction de 30 technologies, dont 11 sont considérées indépendantes du prix de l’EUA 

(technologies nucléaires, renouvelables et de cogénération, en raison de la forte influence des 

politiques nationales et des subventions sur les coûts de ces technologies) lors de la 

modélisation des choix de production et d'investissement ; les 19 autres dépendent du prix de 

l’EUA. En outre, le secteur électrique est représenté géographiquement par quatre régions. 

A court terme, les émissions (abattements) sont calquées sur le principe de minimisation des 

coûts marginaux de production ; le prix de l’EUA inciterait des basculements entre des 

technologies d'intensités en émissions différentes (ces technologies étant déjà dans le parc qui 

reste statique). A long terme, les émissions (abattements) sont modélisées, également sur la 

base d’une minimisation des coûts de production, mais cette fois en tenant compte de 

l'évolution du parc qui résulte des choix d'investissement au fil du temps. Les choix 

d'investissement sont aussi basés sur le principe de minimisation des coûts, mais en prenant le 

coût total (et non marginal) lié à l’investissement sur la durée de vie de chaque technologie, 

en utilisant l'analyse des flux de trésorerie et en tenant compte du prix de carbone. Par ce 

biais, on verra potentiellement l'émergence de nouvelles technologies bas-carbones, tel que la 

CSC (capture et séquestration de carbone), face à un prix du carbone, et donc un changement 

dans le paysage de production d'électricité. 
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Les résultats de ce travail sont des courbes d’émissions en fonction du prix du carbone i.e. des 

courbes de coût marginal d’abattement. Ces courbes sont à la base des analyses d’émissions 

du secteur, en réaction à différentes hypothèses de prix du carbone, et la possibilité que le 

secteur atteigne les objectifs de réduction d’émissions visés. 

En ce qui concerne les résultats du travail, le modèle calibré a produit des résultats 

raisonnables par rapport aux données vérifiées pour 2007 et 2008, bien que les résultats se 

montrent sensibles à la demande d'électricité, et, dans le court-terme, aux prix relatifs du 

charbon et du gaz. 

L'application du modèle à court terme (Phase II de l’EU ETS) montre que deux facteurs 

principaux sont à l'œuvre dans la  dynamique émissions-prix: 1) la baisse de la demande en 

électricité (et donc des émissions), conséquence de l’augmentation du prix de l’électricité due 

à la transmission du prix de l'EUA dans le prix de l’électricité et 2) le changement dans 

l’ordre de mérite en faveur des technologies moins émettrices en carbone (gaz, mais aussi 

biomasse) avec l’augmentation du prix de l’EUA. L'impact le plus significatif en termes de 

basculements entre technologies est celui du charbon vers le gaz, un basculement qui se fait 

progressivement sur une bande de prix (d’une ampleur de 10 €/tCO2) et non à un prix unique 

comme souvent perçu par les acteurs du marché. En outre, les résultats du modèle corroborent 

les estimations générales du marché d'une phase II longue en quotas (l’allocation en quotas 

excédant les émissions vérifiées des acteurs). Cependant, malgré l’excédent de quotas alloués 

sur la phase, les résultats du modèle indiquent que les abattements dans le secteur électrique 

sont guidés par des anticipations à long terme, où l'objectif de réduction sera certainement 

plus strict, et par l'incertitude quant aux coûts de réduction des émissions futures. Ce potentiel 

d’abattement pourrait aller jusqu’à 100 Mt de CO2 avec un prix du carbone autour de 10 

€/tCO2 et  jusqu’à 500 Mt de CO2 pourrait s’ajouter puisque le gaz devient plus compétitif 

que le charbon (plus émetteur) aux alentours de la barre des 20 €/ tCO2. 

La dynamique de court terme des émissions du secteur électrique a été clairement affectée par 

la récente décision allemande de retirer 8 GW de capacité nucléaire du parc de production. La 

situation a abouti à une augmentation de la production à partir des énergies fossiles et en 

conséquence à une baisse à court terme (Phase II) de la courbe d’abattement. Ainsi, avec le 

retrait de ces 8 GW de capacité nucléaire, il faudrait un prix d’EUA plus élevé pour atteindre 

n'importe quel niveau de réduction d’émissions, par rapport à la situation antérieure. 
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Le potentiel de réduction du secteur électrique à court terme est cependant limité par la nature 

quasi-statique du parc (en termes de mix technologique). Atteindre de plus importantes 

réductions d’émissions à plus long terme, en ligne avec les objectifs de l'UE, exigerait 

d'apporter des modifications dans le parc, qui ne peuvent être réalisées que grâce à 

l'investissement. 

L'application du modèle à long terme (jusqu'en 2030) montre les technologies qui émergent 

pour différentes anticipations du prix de l’EUA et comment le mix globale du parc, le mix de 

production, et le profil des émissions du secteur évoluent au fil du temps. Les résultats 

montrent que, indépendamment du prix des quotas, le CCG (cycle combiné à gaz) est la 

technologie dominante pour l'investissement dans de nouvelles capacités d'ici à 2030. Les 

circonstances régionales jouent un rôle dans le résultat global : les besoins en nouvelles 

capacités de l'Europe occidentale (Allemagne, France et Italie en particulier) dominent  

l’investissement global au niveau de l'UE. Parallèlement, les résultats montrent que le prix des 

EUA jouent un rôle en rendant plus attractif à l’investissement les technologies moins 

émettrices en carbone (par rapport aux turbines à base de charbon qui est la technologie la 

moins cher sans prix de carbone), telles que le CCG et la turbine à base de la biomasse. Un 

prix de carbone facilite également l'émergence de la CSC. L'impact est également évident 

dans le mix de production, où les investissements dans le CCG, la production à base de la 

biomasse et la CSC, se manifestent dans le mix de production à moindre coût. L'effet net du 

prix du carbone est un décalage vers le bas de la courbe d’émissions de long terme du secteur 

(soit un déplacement vers le haut de la courbe de réduction des émissions) par rapport à la 

situation à court terme où le mix technologique du parc ne change pas. Ainsi, dans le long 

terme, pour n'importe quel prix d’EUA donné, des niveaux plus élevés de réduction peuvent 

être obtenus avec une stratégie d'investissement qui tient compte du prix de l’EUA versus une 

stratégie où le mix technologique du parc actuel est maintenu. 

Une limitation importante des analyses réside dans les hypothèses formulées au sujet des 

politiques en matière d'énergies renouvelables. Ces politiques favorisent l'investissement dans 

les moyens de production d’électricité à partir des sources d'énergies renouvelables (SER) et 

donc se chevauchent, ou « assistent » la politique de l’EU ETS dans l’atteinte des réductions 

d’émissions du secteur électrique. En fait, les résultats montrent que l'investissement dans les 

SER prévu à l'horizon 2030 (introduit de manière exogène dans le modèle) joue un rôle 

important dans les réductions d'émissions réalisables au cours de cette période. Toutefois, il 
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n'est pas certain que les politiques actuelles pour la promotion des SER continueront à exister 

indéfiniment ; en effet une modélisation endogène de l'investissement dans les énergies 

renouvelables, en fonction du prix de l’EUA, serait éventuellement une approche plus 

pertinente à l'avenir. 

Enfin, en termes de conséquences de l'incertitude des prix futurs de l’EUA sur le risque perçu 

par le secteur électrique, les résultats montrent que le coût de l'erreur associée à l'adoption 

d'une stratégie d'investissement basée sur un prix d’EUA élevé serait très élevé si les prix des 

quotas observés jusqu’à présent pour la phase II perdurent à long terme. Pourtant, une 

stratégie d'investissement basée sur un prix d’EUA relativement faible ne serait pas 

compatible avec la réalisation des objectifs de réduction d’émissions du secteur, et comporte 

également un risque car la crise économique, en large partie responsable pour les prix faibles 

observés jusqu’à ce jour, ne durera pas indéfiniment. 
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I. INTRODUCTION 

1 GENERAL CONTEXT 

The European Union Emissions Trading Scheme (EU ETS) is the EU’s major tool for 

achieving emissions reductions from point sources – it covers 11,000 installations 

representing 40% of EU’s total greenhouse gas (GHG) emissions (50% of EU CO2 

emissions). The EU ETS is targeted to contribute over 50% to the region’s overall 2020 

emissions reduction effort
2
.  

The EU ETS is a typical “cap and trade” permit market. The cap, as set by the regulatory 

authority, represents the environmental goal for requisite global emissions of all installations 

covered by the permit system, and dictates the total number of permits available to 

installations, over a given period. These permits can be traded amongst installations. 

Installations with lower abatement costs are thus incited to effect greater emissions reductions 

compared to those with higher abatement costs, as they can sell corresponding surplus permits 

to the latter, who find it less costly to buy permits than abate. The resulting permit price, the 

European Union Allowance (EUA) price, depicts the confrontation between overall permit 

supply and total demand of covered installations, taking into account marginal abatement 

costs of each installation. This permit price represents the lowest price for achieving 

emissions reductions in line with the envisaged environmental target: since actors have the 

ability to trade permits, economics indicate that reductions will take place where they cost the 

least, irrespective of initial permit allocation. The EU ETS, in that respect, is intended as an 

instrument for achieving required emissions reductions (compliance) at least cost.  

The crux of the EU ETS is to incite permanent emissions reductions – with the emphasis 

being on emissions reductions “at home” – coherent with a defined reduction target, in an 

economically efficient manner, through the creation of a price for greenhouse gas emissions. 

                                                           
2
 The EU has a greenhouse gas emissions (GHG) reduction objective of 20% reduction in 2020 compared to 

1990 levels. With total EU27 GHG emissions in 1990 at 5,572 Mt ((EEA, 2008) Table 8A), this means a target 
GHG emission reduction of 1,114 Mt is required. An (in-house) estimated 624 Mt in emissions reductions is to 
be achieved by the EU ETS, which represents roughly 56% of the total reduction objective. 
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Achieving the reduction objective
3
 will require the implementation of significant abatement 

measures by operators within the sectors concerned. 

The electricity sector is the single most important EU ETS sector as far as achieving 

emissions reductions are concerned. It is the most dominant sector in the EU ETS, covering 

39% of EU ETS allocations and 48% of emissions so far in Phase II. Policy targets (EC, 

2011) indicate a sectoral reduction objective of 54%-68% by 2030 (compared to 1990 levels) 

for the electric power sector alone compared to 34%-40% reductions for all of industry 

(including ETS and non-ETS industrial sectors). The electricity sector will clearly have 

determinant role in EU ETS emissions and emissions reductions, and thus a decisive role in 

the attainment of targets. As such, it is important to be able to understand the reaction of the 

sector to EUA or carbon permit prices, both in the short-term and in the long-term 

(investment). In the short-term, emissions (reductions) of the sector are dependent on 

production economics or marginal costs of production.  The EU ETS carbon price signal 

represents an additional marginal production cost, and can change the merit order of 

technologies in the existing park, in favour of lower-emitting technologies. In the long-term, 

the EU ETS carbon price represents an additional lifetime production cost which impacts the 

economics of investment, and which can act so as to change the technology mix of the 

existing park in favour of less carbon-intensive technologies. We are therefore faced with two 

focal points of interest, which will supplement existing work in the field: the sector’s reaction 

to an EU ETS price in the short-term, based on a relatively fixed park configuration, and 

resulting emissions dynamics; and the sector’s reaction to an EU ETS price in the long-term, 

where investment choices can change the park landscape, and resulting emissions dynamics. 

2 RESEARCH QUESTIONS 

The questions sought to be answered by this doctoral thesis are multi-faceted.  

The first question is: what are the short-term dynamics at work in the electricity sector in 

reaction to an EU ETS carbon price signal? And, thus, what can we expect in terms of 

emissions (abatement) options in the short-term and implications for compliance for Phase II. 

Here, the analysis focuses on the current Phase II of the EU ETS, which effectively operates 

with a “static” park, and which decides on its technology mix in production, and consequently 

                                                           
3
 The objective of the EU ETS is to achieve a 21% reduction in emissions of covered installations in 2020, 

compared to 2005 
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its emissions,  as a function of carbon price (amongst other things) which produce switching 

between technologies of varying emissions intensities. Related to the short-term perspective 

is: what is the impact of sudden decisions which impact the short-term park configuration, 

namely the impact of Germany’s decision, from one day to the next, to withdraw 8 GW of 

nuclear capacity from its power production park?  

The second question is: what are the long-term dynamics at work in the electricity sector in 

reaction to an EU ETS carbon price signal? And, consequently, what is the potential 

effectiveness and efficiency of the EU ETS as an emissions reduction instrument for this 

sector. Here, the analysis focuses on the period to 2030, investigating the investment choices 

which emerge as a function of the carbon price signal, and thus the changes in park 

configuration, which ultimately determines the sector’s production mix and emissions 

(abatement) profile over time.  

3 METHODOLOGY 

The questions above are analysed through the use of a model. A model has been developed to 

represent technology choices in production and investment in the electricity sector according 

to its anticipation of and least-cost reaction to an EU ETS carbon price; emissions (abatement) 

are a direct result of these technology choices. 

The model contains a techno-economic representation of the electricity sector, categorised 

according to 30 technologies, 11 of which are considered EU ETS price-independent (nuclear, 

renewable and CHP technologies, due to the heavy influence of national policies and 

subsidies) when modelling production and investment choices, the remaining 19 being EU 

ETS-price dependent. In addition, the electricity sector is geographically categorised 

according to four regions. 

In the short-term, emissions (abatement) is modelled on the principle of minimisation of 

production costs, which will produce switching between technologies (already in place in the 

park), of varying emissions intensities, in reaction to carbon prices (which are made to vary). 

In the long-term, emissions (abatement) is modelled, also on the basis of least-cost 

production, but this time taking into account an evolving park which results from investment 

over time. Investment – also based on the principle of minimisation but of lifetime costs 

(investment and production) costs, using discounted cash flow analysis – will potentially see 
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the emergence of lower-emitting technologies, such as CCS, in reaction to a carbon price, and 

thus a change in the electricity production landscape.  

The result is therefore short- and long- term emissions curves, as function of carbon price. 

These emissions curves are the basis for studying the sector’s emissions in reaction to various 

hypotheses on EU ETS carbon prices, and the likelihood of attaining compliance and/or 

emissions reductions targets.  

4 RESEARCH SCOPE, LIMITATIONS, AND LINKS WITH OTHER 
RESEARCH ACTIVITIES 

The Climate Economics Chair is developing a new model (called Zephyr), to model carbon 

emissions permit demand and supply in the EU ETS. The work of this thesis has been, in the 

first instance, the development of the overall approach of the Zephyr EU ETS supply-demand 

model and the specific representation and implementation of the electricity sector module to 

simulate the relationship between this sector’s emissions and EU ETS carbon prices. In the 

second instance, the work of this thesis has been the application of the electricity module to 

conduct short- and long- term analyses of electricity sector emissions reductions, in light of 

prevailing policy circumstances and EU goals.  

As the focus is on electricity sector, investment/production decisions and emissions 

(abatement) of the non-electricity sectors are not explicitly modelled or analysed, rather, when 

necessary (for example for a global analysis covering all EU ETS sectors vs. electric power 

sector only), they are entered into the model exogenously. Clearly non-electricity sectors’ 

actions will also impact EU ETS dynamics, but the objective is to isolate those dynamics and 

interactions which relate solely to the electricity sector actions. Representation of the 

emissions of non-electricity sectors is an ongoing activity of the Chair, which is being 

developed in a dedicated non-electricity sector module, and it is envisaged to link these 

modules in future modelling exercises.   

In terms of its analysis of EU ETS-based decisions in the electricity sector, the interest of this 

work lies in analysing the strategic decisions made by way of abatement, that is: the 

production decision (which embodies short-term abatement); and the investment decision 

(which embodies long-term abatement). This means that hedging strategies related to 

banking, borrowing and use of Kyoto credits are not explicitly modelled in this work, 
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however, a module called Zephyr-FLEX is being developed at the Chair to look at these 

issues and will be linked in the future.  

As we are interested in actions at the level of the electricity sector as a whole, not the 

individual installations which comprise it, production and investment strategies at the level of 

the individual installation or plant are not analysed. The electricity sector is treated as a single 

agent at the micro-economic level. 

In addition, we analyse the EU ETS market from the point of view of compliance or 

attainment of sector-specific targets at least-cost, not financial opportunity; strategies 

related to speculation and financial arbitration are therefore not part of the study. Moreover, 

compliance is defined according to the current EU ETS legislation and scope, as such, no 

consideration is given to hypothetical linking of the EU ETS with other international permit 

systems (beyond that which occurs de facto as a result of Kyoto credits’ use), nor to 

alternative modalities for the EU ETS, such as sectoral targets. 

The strategies and resultant emissions of the electricity sector feedback to the EU ETS 

system, via the permit demand, and therefore influence EU ETS carbon prices. This feedback 

system is not modelled in the scope of this work, however the emission (abatement) 

results/curves, and technology choices for new investment provide input to an EUA price 

determination module being developed within the Zephyr-FLEX
4
 module previously 

mentioned. It is envisaged to link these two modules in the future.  

5 THIS WORK COMPARED TO PREVIOUS WORK IN THE FIELD 

The analyses covered by this research pertain to two distinct, albeit linked, systems: the EU 

ETS permit market and the electricity sector market.   

A large body of work exists on the dynamics of EU ETS systems, from both the point of view 

of financial returns (not treated here) as well as that of underlying supply-demand 

(compliance) fundamentals, as we are concerned with here. This body of work relies on 

econometrics, and includes work by Mansanet-Bataller et al (2007) and Alberola et al (2008), 

which model pure price dynamics, as well as that by authors, such as Fehr and Hinz (2006) 

and Siefert et al (2008) which also model emissions in an intermediary step. The focus of this 

                                                           
4
 Dynamic (annual) market price resolution of the model will be effected in the Zephyr-FLEX module; the 

market price is the modelled the result of balancing overall permit supply with demand, using the derived 
emissions (abatement) curves for the various sectors, while taking into account the impact of flexible 
mechanisms on both demand and supply sides at each annual time step. 
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thesis differs from the first set of work mentioned as it is on the emissions-carbon price 

dynamics, with equilibrium prices modelled in a separate step (via the previously mentioned 

Zephyr-FLEX module). It also differs from the second body of work in that the approach used 

to model emissions is an endogenous techno-economic one rather than an exogenous long-

term emission function, which in the case of Fehr and Hinz (2006) is coupled with short-term 

fuel switching.  These models therefore lack the level of technological detail required for 

developing short- and long- term reaction curves for the electricity sector. 

Equally, a large body of work exists on the modelling of electricity (and, more generally, 

energy) systems, including optimisation models and energy system models. However, these 

models have a different (larger) scope which embraces larger macro-economic aspects and 

interactions with international markets. This work, on the other hand, isolates the interactions 

between EU ETS prices and electricity sector production and investment decisions. Moreover, 

this is done specifically for the short- and medium- (20-year) time horizon versus the long 

term time horizons (30-50 years of more) typically treated in optimisation and energy system 

models. 

6 MAIN RESULTS 

The calibrated model produced reasonable results compared to verified data for 2007 and 

2008, although the results are shown to be sensitive to electricity demand, and, in the case of 

the short-term, relative coal and gas fuel prices. 

Application of the model to the short-term (Phase II of the EU ETS) show that two main 

factors are at work in terms of emissions-price dynamics: the downward push on demand (and 

thus emissions) from the pass-through of EUA prices to electricity prices; and the change in 

technology preference (merit order) from coal-based to lower-emitting gas-based, but also 

biomass-based, technologies with increasing EUA prices. The most significant impact from 

technology-switching on the emissions-EU ETS price dynamic is from coal-gas switching, 

which occurs progressively over a specific EUA price band (of width 10 €/tCO2) versus at a 

single “switch price” as is often quoted by market actors. Furthermore, the emissions results 

of the model corroborate general market estimations of a long
5
 Phase II, but indicate that there 

is still some abatement taking place in the electricity sector, as actors are guided by longer 

                                                           
5
 The term “long” with reference to one or more Phases or EU ETS periods indicates an oversupply of emissions 

permits compared to the demand for permits. 
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term anticipations, where the emissions reduction objective are almost certain to be stricter, 

and by uncertainty as to future abatement costs and needs. Indications from the model results 

are that this abatement could easily be as much as 100 MtCO2 at carbon prices around 10 

€/tCO2 and most likely more, up to an additional 500 MtCO2, since lower emitting gas-based 

technologies increase in competitiveness and merit order preference , compared to coal-based 

technologies, at around the 20 €/tCO2 mark. 

The short-term emissions-price dynamic of the electricity sector has clearly been impacted by 

the recent German decision to withdraw 8 GW of nuclear capacity from service. The situation 

has resulted in increased production from fossil-based capacity and a consequent downward 

shift in the short-term (Phase II) emissions abatement curve of between 50 and 80 MtCO2. 

Thus, with the withdrawal of some of the German nuclear capacity, achieving any given level 

of abatement would require a higher EUA price.   

The abatement potential of the power sector in the short-term, however, is limited by the 

existing technology configuration of the park. Achieving higher levels of emissions 

reductions over the longer term, in line with EU targets, requires making changes in the 

power park, which can only be realised through investment. 

Application of the model to the longer term (to 2030) shows the technologies which emerge 

under various EUA-price anticipations, and how the overall park capacity mix, production 

mix, and emissions profile of the sector change over time. The results show that, irrespective 

of EUA prices, CCGT is the dominant technology for new capacity investment to 2030 as it is 

the most favourable option for intermediate load requirements, which dominate new capacity 

needs for the period. Regional circumstances are shown to play a role in the overall outcome: 

investment capacity needs of central Europe (Germany, France, and Italy in particular) 

dominate the overall investment mix at EU level. At the same time, the results show that EUA 

prices do play a role in shifting the investment technology preference away from higher-

emitting technologies such as coal towards lower-emitting ones, such as CCGT and biomass, 

and facilitates the emergence of CCS-based coal technology. The impact is also to be seen in 

the production mix, where the investments in CCGT, biomass and CCS-based coal all 

manifest themselves in the least-cost production mix. The resulting impact is a shift 

downwards in the overall long-term emissions-price curve of the sector (or an upward shift in 

the emissions abatement curve) compared to the short-term which is based on a “static” park. 

Thus, in the long term, for any given EUA price, greater levels of abatement can be achieved, 
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with an EUA-price dependent investment strategy compared to the situation where park 

technology mix does not evolve. 

An important limitation of the analyses lies in the assumptions made regarding renewable 

energy policies, which promote investment in renewable energy sources (RES) and thus 

overlap, or “assist”, in electricity sector emissions reductions.  In fact, the results show that 

the expected (exogenously entered) investment in RES to 2030 plays a large role in the 

achievable emissions reductions over that time period. However, it is not certain that current 

RES policies will continue to exist indefinitely, and indeed endogenous EU ETS-price 

dependent modelling of investment in RES may be a more relevant approach in the future.  

Finally, in terms of the implications of uncertainty regarding future carbon prices on the risk 

perceived by the electricity sector, the results show that the cost of error associated with 

adopting an investment strategy based on a high EUA price would be very high if long-term 

EUA prices maintain the levels seen over the current Phase. At the same time, investment 

strategies based on the relatively low EUA price seen to-date would not be consistent with the 

attainment of EU ETS or sector reduction targets, and would open up the sector to greater cost 

risk in the case where the economic situation in the future differs (improves) compared to that 

which Europe has been experiencing since 2008.  

7 STRUCTURE OF THE DOCUMENT 

The work is divided into three parts, in line with the above-mentioned objectives. In the first 

part, a methodology is developed, and a modelling tool is implemented, to represent 

interactions between the two systems concerned: EU ETS and the European electricity 

production sector. The second part of the work involves the application of the modelling tool, 

for the Phase II period of the EU ETS, to analyse the short-term dynamics within the two 

systems. Namely, we look at the impact of EU ETS carbon prices on the least-cost technology 

mix of electricity production, and thus on EU ETS emissions for the sector, for a given power 

park configuration. Here, we are able to study the short-term
6
 emissions (abatement) curve 

that results for the electricity sector, operating with varying carbon price signals. We use the 

resulting EUA price-electricity sector emissions reaction curve, together with the information 

on the EU ETS market situation, to analyse the coherence of the electricity sector’s reaction 

under current circumstances, and explain possible incoherencies. We also use this as a basis to 

                                                           
6
 Short-term in the context of the model refers to 1 to a few years 
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surmise the impact and adequacy of the EU ETS as a short-term price signal/policy. In the 

third part, the model is applied to a longer term time horizon (to 2030) to investigate the 

impact of EU ETS prices on electricity technology economics and the sector’s least-cost 

choices for new investment; in so doing, we develop the long-term emissions (abatement) 

curve. Here, the abatement curve captures, in addition to the short-term production choices, 

the effects of evolution of the park technology mix. As, such, we examine the impact and 

adequacy of the EU ETS as a long-term emissions reduction policy instrument, and the 

potential cost and risk implications for the electricity sector which must integrate a carbon 

price into its investment decision, but which is faced with carbon price uncertainty.   

 

The document is composed of five chapters. The following chapter (II) contains a literature 

survey of existing models and their contribution to the field of EU ETS policy analysis, as 

well as their relevance in the context of the research being undertaken here. It also highlights 

the contribution of the Zephyr model, and its electricity sector module in particular, compared 

to other models discussed. Chapter III gives a detailed technical and mathematical description 

of the model developed in the context of this PhD thesis – the Zephyr model, and specifically, 

the electricity sector module. Chapter IV looks at the application of the electricity sector 

simulation module to perform a partly ex-post and partly current analysis of EU ETS-

electricity sector interactions in Phase II of the EU ETS; giving a short-term perspective. 

Chapter V provides an outlook to the longer term, to the end of an envisaged Phase IV (2030), 

looking at the technologies that are likely to play a role in the evolution of the power park. 

These technologies analysed in Chapter VI where the electricity sector module is applied to 

determine electricity sector investment portfolios to the 2030 time horizon, in accordance 

with carbon price anticipation, and as such the potential for power sector emissions reduction 

under the current EU ETS framework. Finally, a concluding chapter summarizes the main 

scientific findings of the work and makes policy recommendations.     
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II. LITERATURE REVIEW 

1 CONTEXT 

1.1 Background to the EU ETS  

The European Union Emissions Trading Scheme (EU ETS), created in 2003 ((EC, 2003); 

(EC, 2009)) and implemented in 2005, is the first and largest international trading system for 

greenhouse gas (GHG) emissions in the world. The EU ETS is a typical permit market, based 

on “cap and trade”
7
 (refer to Figure 1). The “cap”, as set by the regulatory authority, 

represents the environmental goal for requisite global emissions of all sources (installations
8
) 

covered by the permit system, and dictates the total number of permits available to 

installations, over a given period. These permits can be traded amongst installations. 

Installations with lower marginal abatement costs are thus incited to effect greater emissions 

reductions compared to those with higher marginal abatement costs, as they can sell 

corresponding surplus permits to the latter, who find it less costly to buy permits than abate. 

The resulting permit price (in the case of the EU ETS, this is the European Union Allowance 

(EUA) price) depicts the confrontation between overall permit supply and total demand of 

covered installations, taking into account marginal abatement costs of each installation (lines 

A, B in Figure 1). The optimal outcome as depicted in Figure 1 assumes absence of 

transaction costs and no barriers to trading. 

The underlying economic basis of the permit market as described by Figure 1 is that of perfect 

competition, which assumes that no single actor has the power to significantly influence 

supply-demand balance, that is, all actors are price takers. This also supposes that actors 

cannot collude in the market to influence demand-supply equilibrium and hence prices. With 

the electricity sector as a whole having the majority of permits, and the composition of the 

sector of reasonably large companies one may question the plausibility of such an assumption, 

and the choice of a competition-based representation rather than some other market structure, 

such as Cournot. Initial studies estimate that market power is not a feature of the EU ETS 

                                                           
7
 Another type of permit market is “baseline and credit”, wherein a producer can only generate emissions 

credits for trade on the permit market if s/he reduces his emissions beyond a set baseline level of emissions.  
8
 “Installation” according to (EC, 2003) is a stationary technical unit where one or more activities listed in Annex 

I of (EC, 2009) are carried out, and any other directly associated activities which have a technical connection 
with the activities carried out on that site and which could have an effect on emissions and pollution 
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((Svendsen and Vesterdal, 2002); (Siefert et al, 2008)), and as such full competition is taken 

to the underlying market structure assumption. 

Figure 1: Theory behind the EU ETS cap and trade market for a given compliance period 
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Notes: Consider that the market is composed of two installations, each allocated the same number of 

initial emission permits for a given compliance period. The combined allocation of the two 

installations is the global emissions cap (for simplicity the use of Kyoto credits is not taken into 

account here). Equilibrium, assuming compliance, requires total emissions (installation A + 

installation B) to be equivalent to the global cap. Installation A has lower marginal abatement costs 

than installation B. It is advantageous for A to reduce its emissions beyond the level prescribed by its 

individual permit allocation, so as to sell them to B, which finds it more advantageous to buy the 

permits liberated from A, as long as they are at a price below its own marginal abatement cost. At 

equilibrium, the marginal abatement cost of the last unit of emissions reduction is the price at which 

EUAs are traded – the equilibrium EUA price – and the collective emissions of installations A and B 

is equivalent to the global cap. In terms of total costs, in the case of no trading, the total costs for A 

and B for compliance are given respectively by the areas beneath the slanted lines A and B (starting at 

I) and the vertical line at II. When trading is allowed between A and B, the total cost to B is reduced to 

the area between the slanted line B and the vertical line at III, plus the cost of the EUAs it buys; this 

means that total savings to B from being able to trade is the area given by the triangle II-III-IV. At the 

same time, A reduces its emissions beyond the allocated amount to the point at V, incurring a total 

additional cost represented by the area between section IV-V of the slanted line A and the horizontal 

axis, but gains in the process the revenues from selling the additional generated EUAs to B; thus a net 

total revenue corresponding to the area of the light grey square above section IV-V of the slanted line 

A. The optimal solution assumes no barriers to trade and absence of transaction costs.  

 

Approximately 11,000 installations
9
 fall under the EU ETS, which currently spans the period 

2008-2020
10

. The scheme incorporates a number of flexibility mechanisms with a view to 

                                                           
9
 Installations covered by the scheme include combustion plants, oil refineries, coke ovens, iron and steel 

plants, production facilities for cement, glass, lime, brick, ceramics, pulp and paper; all over a certain capacity 
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lowering the cost of compliance for installations. These are: banking and borrowing (refer to 

Box 2, in Annex)
 11

, and the linking of the EU ETS credits with so-called Kyoto credits 

enabling installations to cover a limited proportion of their emissions with emission 

reductions achieved outside the EU (EC, 2004).  

Central to the EU ETS and the system of cap and trade is the creation of a price signal for 

each unit of CO2 emitted to the atmosphere. By having a price attached to it, carbon dioxide 

emission is treated as any other market good used in the production process, in that its cost 

must be taken into account production and investment decisions. The link between policies 

and action is thus via the carbon price: carbon prices, impact actor decisions which impact 

emissions (measuring attainment of the objective) which in turn impact carbon prices, and so 

on. The complex network of interactions and feedbacks between policies, actor decisions and 

prices, is best represented using a model. A model is a representation designed to show the 

workings of (or simulate) a system. The Climate Economics Chair is developing a model 

(called “Zephyr”) to represent these interactions. 

1.2 The case of the electricity sector 

The electricity sector has been singled out as one of the first pillars for development and 

analysis in the Zephyr model, due to its important role in EU ETS price formation: it is the 

most dominant sector in the EU ETS, covering 39% of EU ETS allocations and 48% of 

emissions so far in Phase II (refer to Figure 2 and Figure 3 respectively), and was by far the 

most active sector in cross-border EUA market trades during the first Phase (Trotignon and 

Delbosc, 2008).  

Moreover, it is the single most important EU ETS sector as far as achieving emissions 

reductions is concerned: (EC, 2011) envisages sectoral reductions of 54%-68% by 2030 

(compared to 1990 levels) for the electric power sector alone compared to 34%-40% 

reductions for all of industry (ETS and non-ETS industrial sectors together). 

                                                                                                                                                                                     
threshold. Annex 1 of the Directive (EC, 2009) gives a full list of the categories and types of installations 
covered by the EU ETS 
10

 The EU ETS legislation so far defines three distinct compliance periods, or Phases: Phase I (which was a “trial” 
Phase): 2005-2007, Phase II: 2008-2012 and Phase III: 2013-2020. The EU ETS is expected to be extended to at 
least 2030 (http://ec.europa.eu/clima/policies/ets/cap/index_en.htm ). 
11

 In the initial trial Phase (Phase I), banking as well as borrowing was limited to within the Phase, that is, no 
banking was allowed between the consecutive years covering the end of Phase I and the start of Phase II i.e. 
years 2007 and 2008. 

http://ec.europa.eu/clima/policies/ets/cap/index_en.htm


Abatement and evolution in the European electric power sector in reaction to the EU ETS carbon price 

signal 

Doctoral thesis: Suzanne Shaw Page 32 

 

Figure 2: Total allocations per sector for the period 2008-10 
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Figure 3: Total emissions by sector for the period 2008-10 
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The electricity sector also lends itself to analysing the effectiveness of the EU ETS as a 

carbon abatement policy instrument in both the short- and the long- term. Firstly, non-

electricity sectors have much less short term abatement potential, and short of reducing 

production, emissions reduction opportunities in the short-term are extremely limited; 

assessing real abatement from the EU ETS, and thus its effectiveness as a policy instrument in 
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the short-term, would not be particularly meaningful if based on these sectors. Secondly, the 

electricity market is primarily a regional one – for technical and economic reasons, regional 

electricity demand is almost fully dependent on and must be met by regional electricity 

production. There is thus no issue of decreased output or relocation of electricity sector 

production, compared to non-electricity sectors where the effect can be much more 

pronounced; this facilitates the analysis of the EU ETS as a policy abatement instrument, 

since there is no additional issue of carbon leakage to take into account. Furthermore, the 

electricity sector, largely as a consequence of this previous fact, which highlights the sector’s 

limited vulnerability to international competition, the electricity sector is the only sector in 

which auctioning will be the rule rather than the exception, as of 2013. Thus, for the power 

sector more than any other, the impact of EU ETS policy and ensuing carbon prices is a direct 

one applicable to all emissions (rather than simply excess emissions), making the impact that 

much more tangible and measurable. Finally, the characteristics of the electricity sector 

facilitate isolation and analysis of interactions between the EU ETS policy (prices) and actor 

decisions/emissions, namely: it has a single, homogenous product (something which cannot 

equally be said for many industry sectors, for instance the steel sector); it has a single 

emissions-production process (fuel combustion, compared to industry sectors which also have 

process emissions); the level of data available for the sector enables a study at the techno-

economic level, something which is hardly possible for other sectors, yet which can be very 

insightful when analysing the EU ETS policy->actor decision<->carbon price cycle (indeed, 

to-date, industry sectors are generally analysed using econometric rather than techno-

economic methods).  

For these reasons, it has been decided to construct, as a first step in the Zephyr model, a 

module dedicated to the analyses of the influence of EU ETS policy and permit prices on the 

emissions (abatement)-dependent production and investment choices of the electricity sector 

(hereafter referred to as the electricity sector module).  

The structure of the rest of this Literature Review section is as follows: Section 2 describes 

models which have been developed and employed specifically for the analysis of emissions 

permits systems in terms of their price and emissions (abatement) dynamics, and the role of 

emissions trading policy/architecture; Section 3 looks at energy system models whose focus is 

not specifically emissions permit systems, but which can be used to complement the analyses 

of emissions permit-specific models; finally Section 4 describes the main features of the 
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Zephyr model, its main similarities and differences and contribution compared to the models 

described in Sections 2 and 3.  

2 REVIEW OF EMISSION PERMIT SYSTEM MODELS 

In the literature, two main types of model are currently being developed to represent emission 

permits systems: econometric models and optimisation-based simulation models. 

Econometric models derive a relationship between permit market price and various price 

determinants, based on statistical analysis, whereas optimisation models typically identify an 

optimal emissions path (abatement timeline) and permit price trajectory based on 

minimisation of compliance costs. 

2.1 Econometric models 

A majority of econometric models focus on dynamics related to CO2 allowances as a financial 

asset, albeit for dealing with environmental problems. The majority are constructed on the 

sole basis of historical price information, rather than on analysis of supply-demand 

fundamentals. Although of limited application for the questions sought to be answered by this 

thesis, these works are important as they represent the first attempts to qualify and quantify 

the relationship between EU ETS permit prices and underlying determinants, and, more 

importantly, they establish the important role of policy (un)certainty and system architecture 

in achieving a stable and efficient market.  

Paolella and Taschini (2008) seek to construct a model to describe returns on emission 

allowance spot prices and perform Value-at-Risk (VaR) forecasts, and in so doing develop 

GARCH-type models for the U.S. SO2 permit market and the EU ETS CO2 permit market. 

Their perspective is the development of a tool for constructing optimal hedging and risk 

management strategies in the respective permit markets. An interesting observation from their 

work in developing the EU ETS CO2 model was the importance of political and regulatory 

uncertainties which amplify the effect of new information on market behaviour; they cite as 

an example the huge disturbance caused in the market by the European Commission’s 

announcement in 2006 that the market was globally in excess. This was not seen to be the 

case for the modelling of the SO2 permit market, which was characterised by a more a stable 

information environment.  

Benz and Trück (2009) analyse short-term price dynamics of CO2 emission allowances. Their 

focus is on the price dynamics and changes in volatility of the underlying stochastic price 
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process; this, with a view to providing a pricing and forecast model for risk managers and 

traders to efficiently hedge their positions against unexpected price fluctuation. They propose 

GARCH and Markov regime-switching models to represent CO2 price behaviour; these 

conditional variance models being better able to capture impacts on returns resulting from 

uncertainty and unexpected events associated with the EU ETS at the time. Importantly, the 

authors identify the main determinants of short-term CO2 allowance prices to be: policy and 

regulatory issues (via unexpected announcements or decisions); and, market fundamentals 

that directly impact CO2 production and thus allowance supply-demand balance (fuel prices, 

unexpected weather events or economic situations). Their results highlight the importance of 

uncertainty on price stability in the short-term: uncertainty in weather events, but, more 

importantly in the context of this work, uncertainty about future emissions caps. 

Daskalakis et al (2009) develop an empirical framework for the pricing and hedging of futures 

and options within the EU ETS. The authors analyse the behaviour of emission allowance 

spot and futures prices and propose pricing models based on jump-diffusion processes. An 

important finding of their work, in the context of EU ETS policy and architecture, is that the 

banking prohibition from Phase I to II – which effectively cut Phase I off from the rest of the 

EU ETS time horizon, creating it as a single, distinct compliance horizon – entails adverse 

impacts for the CO2 permit markets in terms of market liquidity and efficiency. This 

highlights the need for a long term outlook to achieve permit market stability and efficiency. 

A second type of econometric model is oriented towards analysing supply-demand 

fundamentals and identifying the main (generally short-term) permit price drivers and their 

impacts in various contexts. Their contribution to the issues treated by this thesis lie, firstly, in 

their affirmation of the importance of the fundamentals in the determination of EU ETS CO2 

prices; that is, they highlight the context of EU ETS market, which is a market based on a 

physical commodity (CO2 emissions), and its fundamentals, rather than on financial 

speculation. One of the works also shows the importance of appropriate, long-term policy 

objectives in maintaining market prices.    

Mansanet-Bataller et al (2007) identify and analyse the most important determinants in short-

term CO2 (specifically EUA) price behaviour. In the first step, they identify, on the basis of 

literature and market agents’ analyses, the main short-term price determinants for 

consideration in their analyses, which ares: EUA supply, and factors that affect EU CO2 

emissions such as weather variables (temperature and rainfall) and energy-related variables 
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(oil, gas and coal prices and gas-coal fuel-switching). In a second step, they analyse, using 

empirical (least-squared regression) analyses of 2005 data, and establish the main variables 

determining CO2 returns to be oil (Brent) and natural gas returns, with temperatures also 

having an impact but only when extreme (hot or cold)
12

. Despite the apparent insensitivity of 

CO2 prices to coal prices and gas-coal switching possibilities, they conclude from their 

analyses that there is sufficient evidence of market rationality, with prices reflecting 

underlying conditions at the micro-level. That is, they establish the EU ETS market to be one 

based on fundamentals.  

Alberola et al (2008) conducted a similar study of the empirical relationship between CO2 

price changes and their main underlying factors for EUAs traded between 2005 and 2007 

(corresponding to Phase I or the “pilot” or “test” Phase). The study’s findings support 

Mansanet-Bataller et al’s (2007) conclusions regarding the influence of energy prices and 

extreme weather conditions on CO2 prices
13

. In addition, the authors show the existence of 

structural changes, which indicate a change in the relationship between CO2 prices and 

underlying determinants. Specifically, they identify two main periods in the data set: “before 

the compliance break” (April 25 to June 23, 2006), where there is a relatively constant carbon 

price signal, and “after the compliance break”, where carbon prices plummet as a result of the 

reaction of the market to the disclosure, on 25 April 2006, of new information testifying to an 

over-allocation of allowances for the Phase. For the second of the main periods (post June 23, 

2006), they also identify two sub-periods, before and after 26 October 2006, the date at which 

the European Commission (EC) announced stricter validation of National Allocation Plans 

(NAPs)
14

 for the second Phase. In particular, there is disconnection of the EUA price from 

underlying factors during the 1
st
 sub-period just following the market’s realisation of a 

globally long position; the connection is re-established during the 2
nd

 sub-period, subsequent 

to EC announcements of stricter allocations for Phase II. These findings speak to the 

unsettling effect created by the lack of a long term emissions reduction framework – the 

                                                           
12

 The latter speaks to a non-linear relationship between temperature and CO2 prices 
13

 With regard to the weather conditions, the authors indicate that deviation from seasonal average 
temperatures is more important than absolute values of temperatures themselves 
14

 National Allocation Plans (NAPs) are the plans drawn up by each EU Member State detailing, for their 
territory, the overall amount of emissions to be regulated by the EU ETS, as defined by the EUAs to be issued to 
all EU ETS-covered installations. NAPs also determine the way in which issued EUAs are to be initially 
distributed amongst the various sectors and installations. NAPs were used for initial EUA allocation during 
Phases I and II of the EU ETS. 
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plummeting of carbon prices after the compliance break was not so much due to the fact that 

the Phase was long, but rather that the market horizon was very short-term (effectively limited 

to that Phase), due to the limitation on banking between Phases I and II.  

Finally, an econometric study, which doesn’t fall into the above two main types, is that 

conducted by Bunn and Fezzi (2007), which specifically treats aspects of EU ETS interactions 

with the electricity sector. The authors highlight the importance of distinguishing between the 

short-term daily market (where trading actually happens), and the “long-term” settlement 

market (each multiyear Phase of the EU ETS), where the mandatory requirements of the 

scheme are balanced and audited. They use a structural, co-integrated vector autoregressive 

(SVAR) model to study the short- and long-run inter-relationships between carbon, gas and 

electricity prices, using energy price data from the UK. They conclude that: in the short-term, 

carbon prices react significantly and quickly to gas price shocks, speaking once again to the 

fundamental basis of the EU ETS; and, in the long term, carbon price is important in 

formulating the long-term equilibrium electricity (and gas) price, a finding which is also used 

in this thesis (section 2.3.2).  

The body of work on econometric emissions permit models has established the importance of 

having a long-term emissions reduction policy framework in achieving a robust and stable 

signal for market actors. A lot of this work was based on the initial “trial” Phase I of the EU 

ETS, which, due to the EU ETS architecture, existed as a distinct, finite and short-term EU 

ETS period. With the reinforcement of EU ETS legislation (EC, 2009) and the multiplication 

of EU policies treating greenhouse gas emissions reduction ((EC, 2008); (EC, 2010); (EC, 

2011)), a much longer time EU ETS horizon and more stable policy environment is in place. 

This begs the question as to where the market could be headed now in terms of carbon price 

anticipations in the short- and long- term, and consequent emissions (abatement) related 

decisions at the micro-level, issues which this thesis seeks to examine (with specific reference 

to the electricity sector). The body of work in econometric models has also established the EU 

ETS market as one which can be explained by its underlying fundamentals, an important 

starting point of the work conducted in this thesis.   

We now turn our attention to optimisation models, which analyse emissions permit systems 

from a different angle. Whereas econometric models are developed to describe EU ETS prices 

and/or to analyse cause-effect relationships for permit prices, using statistical methods, 

optimisation models simulate emissions trajectories and/or permit prices within ETS setups.  
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2.2 Optimisation models 

Optimisation models of emissions permit systems are based on an (environmental) economics 

approach, and provide a more relevant perspective, compared to the predominantly financial-

type econometric models, for the analytical work conducted in the frame of this thesis. 

Amongst the existing body of work, the optimisation models described here are limited to 

those which specifically treat price dynamics of emission permit systems.  

A large body of early work centres around models founded on the principles of environmental 

economics. These models are typically characterised by an objective function based on 

minimisation of compliance costs, subject to one or more constraints, which typically embody 

the institutional framework of the permit market (such as permit supply-demand balance, 

ability to bank/borrow) and/or techno-economic conditions (production demand-supply 

balance, production or capacity limitations). Notable works in this class of model include 

(Rubin, 1996) and (Schennach, 2000).   

Rubin (1996) explores the problem of minimising the cost of emission control of 

heterogeneous firms using tradable emissions permits with banking and borrowing. He does 

this using a finite-period inter-temporal model, using optimal control theory. The author 

shows that for a given initial permit allocation (equal to the emissions cap) and exogenous 

permit price, firms emit (abate) equating marginal abatement costs with permit prices, similar 

to the optimal solution of a central planner. Moreover, when firms can bank and borrow, 

present-value marginal cost is shown to be constant in time, that is, the permit price is 

constant (its current-money value grows at the risk-free interest rate). He also characterises 

the emissions path, and concludes, amongst other things, that if the cap becomes stricter over 

time, banking, if allowed, will occur, for an optimal solution. Rubin’s (1996) work proves 

analytically that permit markets behave similarly to any other goods market, in that the 

optimal outcome is achieved operating under perfectly competitive conditions, without the 

need for central regulation, except in the decision of the initial overall permit allowance. As 

such, the emissions permit market is no different from any other commodity market defined 

by forces of demand and supply; this is a central premise of Zephyr’s permit market, as 

described in chapter III. At the same time, Rubin’s (1996) work highlights that theoretically a 

stable price/emissions reduction signal results, for a situation where there is banking and 

borrowing, the former of even greater importance in the case where the cap becomes stricter, 



Abatement and evolution in the European electric power sector in reaction to the EU ETS carbon price 

signal 

Doctoral thesis: Suzanne Shaw Page 39 

 

as in the EU ETS. This result is one which is used in the development of the Zephyr model, as 

described in section 2.3.3. 

Schennach (2000) applies the optimisation problem to the case of the U.S. sulphur dioxide 

(SO2) emissions market, integrating uncertainty in abatement costs and in electricity demand 

(emissions). For the model in a world of certainty, with no restrictions on banking/borrowing 

Schennach (2000) validates the result of Rubin (1996) of a constant permit price. Her work 

reinforces the finding of Rubin (1996), that banking serves to smooth possible price jumps 

between two Phases, which may result with increasing marginal abatement costs (MAC) 

and/or stricter caps with time. Schennach’s (2000) model also allows incorporation of 

technological innovation and low-sulphur coal via the marginal abatement cost function, as 

well as consideration of the impacts of changes in demand for coal-based electricity. In 

looking at the effect of uncertainty in the MAC function and in coal-based electricity demand 

the author surmises that these uncertainties have two main effects:  firstly, the price path can 

increase at a rate less than the discount rate and, secondly, the price and emissions paths are 

affected when new information about the future becomes available. Although Schennach 

(2000) does not provide an analytical solution for the model under uncertainty, the work 

represents an important step, providing one of the first attempts at the optimisation problem in 

the presence of uncertainty. Schennach’s work reinforces the feature of banking as a 

mechanism for smoothing prices in time, an important result that is used for building this 

work, as explained previously. It also highlights the importance of technological (emissions-

reducing) innovation and demand on permit market emissions and price determination, a 

finding which speaks to the merit of a techno-economic approach for modelling and analysing 

electricity sector emissions (abatement) and EU ETS policy, as is used in this work.  

More recent work has seen the emergence of optimisation models founded on environmental 

economics modelling results, yet with a focus on financial issues, such as price volatility. 

Included in this body of work is that of Fehr and Hinz (2006) and Siefert et al (2008).    

Fehr and Hinz (2006) suggest a model for price formation of carbon emission permits, for a 

single compliance period of the EU ETS, in which market participants apply long- and short- 

term abatement policies. The long term abatement strategy remains implicit in the long term 

emissions path, whereas the short-term strategy is explicitly represented and is focussed on 

coal-gas fuel switching, namely in the electric power sector. The authors express the permit 

price as a function of fuel switch price (short-term strategy), and the initial cap together with 
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the long-term emissions path (long term strategy), and find the allowance price to be highly 

dependent on the expected need for emission reductions (the long term strategy), yet only 

weakly impacted by the fuel switch price (short-term strategy). The authors provide an 

important contribution as their model represents one of the first attempts to represent permit 

price as a function of both long- and short- term abatement strategies; we have seen 

previously that econometric models treat the short-term abatement horizon, whereas a 

majority of environmental economics optimisation models focus on the long term horizon. 

Their work also reinforces the abatement and price dynamic of the EU ETS market: firstly 

that short-term abatement is essentially limited to fuel-switching in the electric power sector, 

and secondly that the long term outlook is decisive in emissions and thus the description of 

the permit price process.  

Siefert et al (2008) focus on the price behaviour of emission permits under uncertainty, using 

the results of Rubin (1996) and Schennach (2000), namely equality in marginal abatement 

costs and permit prices at market equilibrium. They model the behaviour of firms using a 

representative agent which is the central planner, seeking to minimize total costs. The authors 

consider a single Phase of the EU ETS, adopting a Brownian motion process to represent 

emissions (which are stochastic due to uncertainty in fuel prices, weather changes and 

economic growth), and a quadratic marginal abatement cost function. Using stochastic 

optimal control they derive a partial differential equation from which they determine a spot 

price function for emissions permits. Through sensitivity analysis they show, for a single 

distinct Phase, that the spot price increases with: penalty level (which is found to be the upper 

bound for price), expected emissions, and marginal abatement costs; and to decrease with 

higher levels of initial permit allocation. In addition, they determine that, in a stochastic 

world, risk-neutral agents may abate more than required by regulation (and thus bank) in 

order to be prepared against possible future losses. They also justify, through empirical 

analysis, their assumption of an informationally efficient EU ETS permit market. Although 

this work is primarily of interest from a financial perspective, it serves firstly to reinforce 

previous findings on permit price determinants, whether in the short- or the long- term, which 

include – naturally, on the basis of economic theory – marginal abatement costs and 

emissions reduction objective, but also actor anticipations regarding emissions and 

consequently prices. Importantly, the authors also show empirically that the CO2 market is 

relatively efficient compared to other mature environmental or financial markets, showing no 



Abatement and evolution in the European electric power sector in reaction to the EU ETS carbon price 

signal 

Doctoral thesis: Suzanne Shaw Page 41 

 

evidence of abuse of market power which causes price distortions. This is particularly 

pertinent in the context of the current study where one may question whether the significant 

presence of the power sector in the market means they can actively influence prices.  Their 

findings on the propensity of actors to bank under uncertainty, and the price instability caused 

by the disconnection between Phases I and II due to the banking prohibition, once again 

reinforce the need for a long-term time horizon for actors to work with (a long-term objective) 

and one in which they can spread risk over time through banking. 

In a similar vein, Chesney and Taschini (2008) also develop a model differentiating short-

term and long-term abatement measures, but this time taking into account strategic 

interactions (trading dynamics) in the permit market in the presence of asymmetric 

information. With firms optimising their cost function through buying and selling of permits, 

the authors show that the equilibrium price is a function of the penalty level and of individual 

expectations regarding the net accumulated emissions of all firms. Their work thus once again 

reinforces the importance of actor anticipations in the market outcome. In addition, in their 

consideration of short-term abatement modelling, the authors highlight that the main short-

term abatement measure, fuel-switching in the power sector, is rarely implemented to-date (at 

the time of their article), which speaks to Fehr and Hinz’s (2006) unexpected findings on the 

tenuous link between fuel switch prices and short-term abatement. Chesney and Taschini 

(2008) surmise that fuel switching is generally implemented whenever relative fuel prices 

make it attractive, and that the immediate CO2 price/cost ratio is not the main basis upon 

which fuel switching is triggered. They highlight the other factors at work in the fuel 

switching process, including the start-up cost of the plant, and the implementation time 

(ramp-up process of plants), implying that fuel-switching is not necessarily enacted as a 

carbon abatement measure per se, nor is necessarily the immediate (hourly or even daily) 

mechanism it is usually depicted to be. Instead fuel-switching can be the subject and outcome 

of production planning beyond the immediate hourly or daily time horizon.  Associated with 

this is the fact that power producers generally purchase fuel under long term contracts with 

clearly defined prices to benefit from potentially lower and, importantly, stable prices, which 

could imply an element of lock-in. These reflections bring a new perspective on the meaning 

of short-term abatement, whether it is the result of daily CO2 and fuel prices or a more 

upstream-planned process is a subject for debate. Zephyr’s perspective on the issue is 

presented in section 4.  
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Optimisation models underline the importance of a reasonably long-term time horizon, with 

the ability to mitigate uncertainty through banking, to achieve a stable price signal. They also 

characterise the EU ETS emissions permit market as efficient and competitive in nature rather 

than subject to market power strategies. At the same time, uncertainty or actor anticipations 

emerge as important factors to take into consideration in the analysis of emissions permit 

systems. The body of work has shown the importance of (emissions-reducing) technological 

innovation, in the short- and more so long- term, on permit market emissions and price 

determination. At the same time, optimisation-based models of emissions permit systems 

typically embody technology innovation in the aggregated emissions function, with no 

detailed technology description; rather unsatisfactory for the issues sought to be analysed 

here. The next section looks at looks at a general class of (economic) model, developed over 

the years, called simulation models. These models are not specific to the modelling of 

emissions permits systems, but simulate processes which in some way impact the demand-

supply fundamentals of the emissions permit markets, including: technological choices for 

production, technology evolution and choices in new investment, and economic growth and 

demand for products and services. As such, these models complement strictly emissions 

permit models, through their characterisation of the technology side of the emissions permit 

market, in particular in the electricity sector.  

2.3 Economic simulation models which treat emissions trading systems  

Economic simulation models represent in quite significant levels of detail: consumption, 

production and investment decisions and overarching economic contexts and policy 

frameworks. While not focussed on the dynamics within a specific emissions trading system, 

many economic simulation models nowadays do provide a representation of carbon emissions 

and prices. Springer (2003) provides a comprehensive overview of 25 such models, which 

embody international emissions trading under the Kyoto Protocol, classifying them according 

to five main groups. The first group, classified as integrated assessment models, represent 

physical and social processes related to GHG emissions and their impacts over the very long 

term, to answer questions of whether, when and how to address climate change. The 

economic components that are modelled in connection with this 1
st
 group, are represented in 

models which are classified according to four different types in Springer’s (2003) article. The 

four economic-type models the author describes are: 1) computable general equilibrium 

(CGE) models (for instance MIT’s EPPA model (described in (Paltsev et al, 2005)), the 
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GEM-E3 model (Capros, 1999) and the OECD ENV-Linkages model (Burniaux, 2008)); 2) 

emissions trading models
15

 (see for example (Ellerman et al., 1998)); 3) neo-Keynesian 

macro-economic models and variants (for instance, the Imaclim model (Sassi, 2010)); and 4) 

energy system models. In terms of the 2
nd

, “emissions trading”, class of model, this operates 

on a similar principle to optimisation models such as those of Rubin (1996) and Schennach 

(2001): marginal abatement costs (MAC) curves are employed to represent emissions 

(abatement) for ETS sectors; the superposition of these MAC curves enable derivation of the 

least-cost equilibrium permit price in line with an overall emissions reduction objective. The 

1
st,

 2
nd

 and 3
rd

 model classes (CGE, emission trading, and neo-Keynesian macroeconomic 

models), by themselves, are top-down models, using aggregate data on all sectors of an 

economy. They are therefore of limited application for the questions sought to be answered by 

this thesis, since, like the optimisation models described in Section 2.2, they lack an explicit 

(techno-economic) representation of emissions generation processes of the electricity sector. 

In some cases, this is overcome by coupling these models with models of type 4), that is, 

(bottom-up) energy system models (or vice versa, as in the case of the MERGE model 

(Manne and Richels, 2004) where a bottom-up energy system model is coupled with a top-

down macro-economic model). For this reason, the 4
th

 model type – energy system models – 

are treated separately, and are discussed in further detail in later sections (see further below, 

section 3).  

In general, the models discussed in Springer’s (2003) paper – whether purely top-down as in 

the first 3 model types described, or top-down (model type 1, 2 or 3), in combination with a 

bottom-up energy system model (model type 4) – are used to analyse the impacts on 

economic systems of climate policy and international emissions trading. As such, they treat 

questions of a much broader economic nature (e.g. impacts of climate policy on welfare and 

international trade) than are generally sought to be answered by permit system-specific 

models, which seek to analyse dynamics within the permit system itself. Moreover, they have 

a larger perimeter than would be relevant for a single permit system, since their main purpose 

is to analyse permit trading in the context of an international (say, Kyoto Protocol) 

framework, with all the countries and sectors therein. As such, they cannot be readily applied 

to examine dynamics within the EU ETS. However, it is recognised that the bottom-up 

                                                           
15

 The “emissions trading model” superposes marginal abatement cost curves for various sectors to derive an 
equilibrium permit price in line with an overall emissions reduction objective. This class of model operates on a 
similar principle to optimisation models such as (Rubin, 1996) and (Schennach, 2001) 
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techno-economic approach of the 4th, “energy system”, type of models provides a basis for 

modelling of emission-generation processes within EU ETS sectors, in particular the 

electricity sector. As such, they provide a basis to develop a structure for analysing (electric 

power) technology implications of EU ETS policy, which, as it has been previously 

highlighted, are decisive in long- and short- term emissions (abatement) and prices. 

The next section of this paper is dedicated to consideration of this class of model, the way in 

which they are used in relation to questions of emissions trading, and their contribution to 

modelling and analysing the questions sought to be investigated by this thesis.      

3 REVIEW OF RELEVANT ENERGY SYSTEM MODELS 

Although often not the sole or necessarily even the primary purpose of their existence, energy 

system type models represent the dynamics underlying energy-related emissions in significant 

detail, and a framework for analysing emissions mitigation policies.  

The POLES model ((LEPII, 2003); (Criqui, 2003); (Kitous, 2010)) is one well-known energy-

system model which represents worldwide energy-related emissions. It is a recursive 

simulation model of the World energy system in a partial equilibrium framework (full 

equilibrium in energy markets). It models international energy prices endogenously, with 

energy demand and supply in each country or region responding with various lags. It 

identifies 47 consuming regions of the world, with 22 energy demand sectors and 40 energy 

technologies. It facilitates assessment of energy supply and demand options under constraints 

such as resource availability and greenhouse gas (GHG) emission reduction targets. It 

contains a bottom-up techno-economic description of the electricity sector, with emissions 

determined from the resulting least-cost technology mix in production for meeting demand at 

each time-step. Product demand-supply and emissions for other sectors (industry, transport, 

households and services including agriculture) are modelled using econometric relationships 

which integrate short term and long-term price effects as well as technological trends. The 

POLES model allows analysis of, amongst others:  

- Detailed long term (2050-2100) world energy outlooks including country- and 

regional-level projections for demand, supply and price 

- GHG mitigation policies and international emissions trading  

- Technology improvement scenarios and the value of technological progress in the 

context of GHG abatement policies.  
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The model is at the centre of the analyses conducted for the periodic World Energy 

Technology Outlook (WETO) publication. 

The ASPEN module, in particular, of POLES is used to simulate carbon prices in the EU ETS 

in the context of an international emissions trading scheme. The POLES model produces the 

marginal abatement curves of various emissions sectors by country, which are used by 

ASPEN to determine equilibrium prices and exchange volumes by country within an 

identified international perimeter of emissions permit trading. The model has had a significant 

contribution in the European emissions trading policy debate and reflection on EU ETS 

architecture, for instance: in the design of the burden-sharing agreement; in the analysis of 

interactions of permit systems and taxes; and estimation of the impact of imposing ceilings on 

international permit trading.  

Another well-known energy system model is PRIMES ((NTUA, 2008); (NTUA, n.d.)).  It is a 

hybrid partial-equilibrium model, combining a bottom-up techno-economic approach with 

economic market-driven representations, which separately models the behaviour of economic 

agents. PRIMES simulates a market equilibrium solution for energy supply and demand in the 

European Union (EU) member states. It does this by determining the market clearing price of 

each energy form such that the quantity producers find best to supply, match the quantity 

consumers wish to use. It is a behavioural model, but also incorporates an explicit and 

detailed representation of available energy demand and supply technologies and pollution 

abatement technologies. It covers the medium to long-term horizon, running by period of 5 

years, and is used to analyse, amongst other things: energy policy issues such as security of 

supply, energy costs; environmental issues such as energy-related emissions; pricing policy, 

taxation, standards on technologies; new technologies and renewable sources. The carbon 

market module of PRIMES endogenously models CO2 emissions from fossil fuel combustion 

and includes CO2 emissions from industrial processes as well as non CO2 GHG’s from the 

GAINS model (developed by IIASA). The combustion-related CO2 emissions trajectory 

results from changes in energy demand, fuel mix and technology mix, with evolution in other 

CO2 emissions deduced analytically, and non-CO2 GHG emissions represented by marginal 

abatement cost curves supplied by IIASA. EU ETS carbon prices result of emissions-

allowances (demand-supply) equilibrium determination in the model. The PRIMES model has 

had a significant contribution to the analysis of EU climate and energy-related policy, one 
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notable work being its analysis on the EU climate and energy policy package (Capros et al, 

2011).  

REMIND-R (as described in (Leimbach et al, 2009)), is a hybrid world model that couples a 

macroeconomic system module, with a disaggregated energy system module (cf. Bauer et al., 

2008), and a simple climate system model. It is a general market equilibrium model which 

differs from other CGE models by the high level of resolution in the representation of the 

energy system. It determined optimal economic and energy investments in the model’s 11 

regions, accounting for inter-regional trade in goods, technological development and the 

choice of technology options. The model has a very long time horizon for analysis, up to 

2100. Emissions mitigation is modelled on the basis of a switch between energy technologies. 

It is used, amongst other things, in climate policy analysis to analyse technological options 

and mitigation costs for reaching specified emissions reduction targets, according to 

availability of technology options and international trade. One of their main studies 

(Leimbach et al, 2010) finds that minimisation of mitigation costs is most efficiently achieved 

with a large and diverse mix of technologies, in which CCS and renewable energy 

technologies are play a major role, and where in particular biomass in conjunction with CCS 

is essential if global emission targets are to be achieved. The REMIND-R model in essence 

treats from a long term global perspective, several key issues sought to be treated in this 

thesis, whose point of view is much more restricted: that of a single energy sector 

(electricity), in a single region and in a medium- rather than long- term time horizon. 

Energy systems models, such as those described above, model emissions’ demand and supply 

under various policy contexts, whether European, or global. This is done within a broader 

global energy system framework. While these models do represent emissions and abatement 

in the electricity sector, the sector is embedded in a much larger framework with a different 

scope in terms of the issues sought to be analysed here. As such they are less adapted to 

honing in on electricity-sector specific issues and EU ETS analysis at a relatively micro-level. 

These models are also more adapted to longer term time horizons, of 30 years or more, and 

thus perhaps less suited to conducting the type of EU ETS analysis done here, which uses an 

approach of one or more Phases, thus a resolution horizon of possibly as little as five years, 

and at most 23 years (if starting from Phase II, as Phase I cannot be analysed in the same 

manner for reasons explained previously).  
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It is worth mentioning here that specific electricity sector models have been developed which 

do study some of the micro-level issues sought to be addressed by this thesis; one such model 

is the e-simulate model developed by Voorspools (2004) and applied by Delarue et al (2008) 

for the analysis of electricity sector production (technology mix) strategies and short-term 

emissions (abatement) under the EU ETS Phase I. The approach is one which is based on 

hourly dispatch and fuel switching, assuming the fuel switch technologies in question are 

already “online”. Such models give insight into the potential for short-term abatement given 

the effective switch capacity available according to the specific technical constraints imposed 

by hourly load-levels. It is indeed a short term perspective which differs from that of this 

study, which looks at abatement potential from the point of view of changes in the optimal 

annual production mix at various carbon prices, rather than real-time fuel/technology switch 

arbitrages.  

In the next section, we look at the distinguishing features of the Zephyr model, and in 

particular it’s electric power module, and show how it builds on existing work while being 

adapted to the analysis of questions treated in this thesis. 

4 WHAT DOES THE ZEPHYR MODEL CONTRIBUTE? 

Existing econometric and optimisation models have shown that uncertainty – whether as to 

long-term emissions, reduction objective, or even the existence of the policy framework itself 

– affect the functioning of the permit market. Now that a reasonably medium- to long- term 

policy environment has been established, fixing the supply of emissions permits in the 

market, the major uncertainty lies on the demand side. In particular given the current trend in 

economic growth, which has been accompanied by reduced emission from covered sectors 

without any aggressive abatement action, what carbon market signal are actors incorporating 

into their emissions-producing activities? How effective can the EU ETS be as an abatement 

instrument in the face of other uncertainties such as in energy prices and economic trends? 

What are the dynamics at work in the short-term versus the longer term? The Zephyr 

electricity sector module has been developed to look at these issues for the electricity sector. 

4.1 Similarities and differences of Zephyr to existing models 

Zephyr’s electricity sector module builds a gap in current work on permit-system models 

(econometric and optimisation), in its detailed technology-level representation of the 

electricity sector, and of the operation and investment decision-processes that link emissions 
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and carbon prices over the medium to long term. This it does by incorporating, like many 

energy system models, a techno-economic representation of the electricity sector and its 

production/emissions-generation process. Compared to energy system models, it has a 

different scope, since it isolates the interactions between EU ETS and electricity sectors, and  

restricted perimeter to the EU ETS electricity sector installations and countries covered by the 

EU ETS.  

In terms of time horizon, the focus of Zephyr is the medium term, from 2008 to 2030, thus the 

Phases II, III, and (hypothetical) IV of the EU ETS. This medium term time horizon bridges a 

gap between existing econometric models, which focus on the very short-term dynamics, 

typically day-to-day or seasonally, and current optimisation and energy system models, which 

typically treat a long-term time horizon of 30 to 50 years or more. The architecture of the 

Zephyr electricity sector module is such that it allows both short-term (less than 5 years) and 

longer-term (up to 25 years) analysis of the interactions between EU ETS policy and 

electricity sector emissions-influencing strategies. Previous work has been inconclusive as to 

the role or even existence of short-term abatement in the electricity sector via fuel switching, 

based on daily energy and CO2 prices: Fehr and Hinz (2006) and Mansanet and Bataller 

(2007) find only a tenuous relationship, whereas Alberola et al (2008) find some evidence of 

such, and Delarue et al (2008) actually quantify the amount of abatement that could be 

attributed to fuel switching in the electricity sector for the first Phase. This works seeks to 

look at short-term abatement from a different angle, which is the abatement potential 

generated from a change in the technology dispatch preference on an average-annual basis as 

a result of carbon prices which change marginal production costs of technologies. This is 

done by conducting a partly ex-post/partly current analysis of Phase II. Furthermore, longer 

term analysis of technology-related decisions and abatement potential is conducted with 

Zephyr with a time-horizon to 2030. Most energy models to-date are specifically focussed and 

constructed to look at either the very short-term horizon, such as (Delarue et al, 2008) or 

much longer term horizons (to 2030, 2050 or longer), and thus do not have the flexibility of 

the Zephyr electricity module to give insight to the in-between stages.  

At the same time, the model does use findings and conclusions from previous work, to frame 

its approach. This includes:  

- A micro-level treatment of the EU ETS, with installations from a given sector 

represented by as a single representative agent  
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- The assumption of a competitive permit market  

- Equilibrium in electricity markets, similar to energy system models, with emissions 

(abatement) modelled on the basis of switching between technologies, whether in the 

short- or medium-/longer term  

- An approach of least-cost compliance, based on economically rational installations 

looking to minimise the costs incurred from EU ETS implementation 

The model is implemented as a deterministic model, which has the benefit of greater ease and 

speed of construction and analytical resolution. At the same time, as uncertainty is recognised 

to be an important factor, the model incorporates the flexibility to consider alternative 

scenarios/anticipations for key techno-economic parameters of the model, such as fuel prices, 

electricity demand etc., much like existing energy models.  

The following chapter describes the generalisations and conceptual approach made in the 

construction of the Zephyr model, and its specification for representation of demand, supply 

and compliance in the EU ETS. In particular, it presents a detailed technical specification of 

emissions (abatement) in the electricity sector as a function of carbon price.  
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III. DESCRIPTION OF THE ZEPHYR MODEL 

This chapter provides the detailed specification of the electricity sector module of the Zephyr 

model. Section 1 describes the overall approach of the Zephyr model as a compliance model 

based on permit supply-demand balance. Section 2 gives a general technical description of the 

overall Zephyr supply-demand balance structures, as well as a detailed description of the 

electricity sector module. Section 3 details the data sources and assumptions of the model; 

Sections 4 and 5 respectively outline the steps taken in the model calibration and the results of 

the calibration exercise; Section 6 concludes and Section 7 outlines the next steps of the 

research. 

1 A MODEL OF DEMAND AND SUPPLY  

1.1 Zephyr’s perspective on demand, supply and compliance 

In terms of the overall perspective of compliance in the permit market, Zephyr embodies two 

main features: 

- A time horizon of 2030, broken down into one or several consecutive Phases 

- An overall market resolution where compliance is considered from the point of view 

of total EU ETS permit demand versus total EU ETS permit supply. That is, we do not 

consider the individual compliance positions of each of the 11,000 EU ETS 

installations, only the overall market position.  

On the demand side, we model emissions of covered installations, aggregated into sectors, 

each sector represented using a single representative firm. In the basic model structure two 

sectors are represented: the electricity production sector – currently, the principal EU ETS 

sector, with a relatively strict emissions cap
16

 – and “all other sectors”, collectively grouped 

into what is hereafter referred to as the non-electricity sector
17

. The electricity sector is broken 

down at the technology level. Installations of a given technology type are grouped together 

and assumed to have identical techno-economic attributes such as fixed- and variable- costs, 

fuel type, efficiency, availability, lifetime. The non-electricity sector is represented at a more 

                                                           
16

 The stricter cap of the electricity sector is driven primarily by the fact that, compared to the other industrial 
sectors, the electricity sector is less affected by international competition and has the possibility to pass on (at 
least partially) the costs of carbon prices to end-consumers 
17

 It is envisaged to progressively distinguish the various non-electricity sectors within the model 
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aggregated level, with average or aggregated parameters used to encompass all EU ETS-

relevant attributes of the individual installations (and sub-sectors) which comprise it. Thus, 

emissions (abatement) for the ensemble of installations within the sector are represented by an 

aggregated emissions (abatement) function. Underlying all of this, is the assumption that 

installations of a given sector are likely to be affected by the same external economic and 

technological factors dictating their production and emissions, and that they all have access to 

the same information, the same abatement opportunities and the use of flexibility 

mechanisms. Permit demand or emissions are modelled for each year; Phase demand is the 

sum of demand in the individual years of the Phase. 

On the supply side, the market is defined, in the first instance by the Phase emissions cap. For 

Phase II, this is allowances (EUA) accorded to installations (and, by extension, sectors) under 

the national allocation plans (NAPs) of the 27 EU Member States (MS). For Phase III, this is 

defined in the legislation ((EC, 2009); (EC, 2010)), and for Phase IV the annual emissions 

reduction defined for Phase III is retained (alternative scenarios can be modelled). In the 

second instance, as installations (sectors) have the possibility to use Kyoto credits to cover a 

limited part of their emissions, overall permit supply for each Phase is adjusted upwards 

according to the quantity of Kyoto credits projected to be used by sectors in that Phase
18

.  

In this work, we deal with compliance from the point of view of (single- or multi-) Phase 

compliance; no consideration is therefore given to banking and borrowing strategies between 

consecutive years within a Phase. 

2 TECHNICAL DESCRIPTION OF THE MODEL 

2.1 Permit supply  

Sectors are assumed to use the maximum quantity of Kyoto credits allowable
19

 (as specified 

by NAPs or according to ((EC, 2009); (EC, 2010)), depending on the Phase in question) 

subject to the constraint that sufficient credits are delivered to the market (see (Trotignon and 

Leguet, 2009)).  

                                                           
18

 Kyoto credits delivered to the market are by construction cheaper than the going EUA price and will 
therefore be used preferentially (vs. EUA) by a sector to meet permit obligations. As these credits can be 
imported on top of the initial permit allocation, the effect, particularly in the case of Certified Emissions 
Reductions (CERs)-type credits (~99% of all Kyoto credits) is an increase in the overall emission permit supply. 
19

 In practice, some installations, which are less informed or not well-positioned to participate in the 
international Kyoto credit market, may not capitalise on the opportunity to use a maximum amount of Kyoto 
credits. For ease of presentation, this limitation is not taken into account here, but can be incorporated into the 
model assumptions, during its execution. 
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The quantity of Kyoto credits allowed is generally stipulated as a given fraction of the overall 

EUA allocation. The quantity of Kyoto credits actually delivered to the market may be above 

or below the global maximum allowed, as it depends on factors external to the EU ETS rules, 

namely on the size and rate of development of Kyoto projects, on the rate of credit issuance 

by the appropriate regulatory bodies, and the demand for Kyoto credits from other countries. 

The use of Kyoto credits in the EU ETS is therefore given by: 

 min ,t t tCER SCER SCER  

Where: 

tCER  = Kyoto credits procured collectively by EU ETS sectors (tCO2/y) 

tSCER  = Maximum possible use of Kyoto credits (tCO2/y) 

tSCER  = Quantity of Kyoto credits actually available to the EU ETS market (tCO2/y) 

 

Global permit supply, tS at a given time is thus exogenously given by: 

Equation 1: Overall EUA permit supply in any given year 

,i

i

t k t t

i MS k

S s CER   

i  = Single sector; 1i  for the non-electricity sector, 2i  for the electricity 

sector 

ik   = Number of EU ETS-covered installations in sector i ; 1,2,...k K  

MS   = Member State 

tS   = Global annual CO2 permit supply (tCO2/y) 

,i tks   = Initial EUA allocation of a given installation k  of sector i in year t (tCO2/y) 

t   = Year; 1,2,...t T  

2.2 Permit demand of non-electricity sectors 

As explained earlier, the emissions of all installations not falling in the electricity sector are 

collectively categorised in the model as non-electricity sector emissions. As the focus of this 
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work is the analysis interactions and dynamics in the EU ETS electricity sector, no detailed 

treatment is made of non-electricity sector emissions here. Non-electricity emissions or permit 

demand will be determined in the non-electricity sector module of Zephyr (currently under 

development). Awaiting detailed simulation of non-electricity sector emissions, in cases 

where it is preferred to study overall rather than solely electricity sector emissions, for 

example in evaluating the likely EU ETS market position, an estimate of non-electricity sector 

emissions is made. Here, non-electricity sector emissions are entered exogenously as a non-

carbon price dependent variable; it is extrapolated from verified EU ETS emissions data, 

adjusting for expected changes in macroeconomic conditions according to the simplified 

relationship: 

Equation 2: Emissions of the non-electricity sector 

1, 1,

1, 1, 1

1,

* 1 *
t ref

t ref

ref

GDP GDP
EM EM

GDP


 
  
 
 

 

1  = Elasticity of emissions in the non-electricity sector, as a function of activity 

(incorporates phenomena such as energy efficiency (emissions intensity) 

improvements in the sector)  

1, refEM  = Non-electricity sector emissions in the base year, for a reference level of 

activity (tCO2/yr) 

1,tEM  = Projected emissions permit demand for the non-electricity sector, for a given 

level of activity (tCO2/yr) 

1,refGDP  = Reference level of activity in the non-electricity sector, using as a proxy the 

gross domestic product (GDP) in the reference year   

1,tGDP   =Projected level of activity in the non-electricity sector in year t , using as a 

proxy the gross domestic product (GDP) in the given year 

Emissions of the non-electricity sector therefore grow in proportion to economic growth but 

not at the same rate; an underlying assumption of decreasing emissions intensity over time is 

incorporated into the emissions relationship via the elasticity factor. 
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2.3 Permit demand of the electricity sector  

The emissions/permit demand of the electricity sector are modelled explicitly, integrating a 

number of considerations which are described in the sub-sections below. 

2.3.1 Geographic scope of the electricity sector 

The installations of the EU ETS electricity production sector are represented according to four 

regions, as follows: Continental Western & Northern Europe
20

, Eastern Europe
21

, UK & 

Ireland, Iberian Peninsula
22

. Regionalisation was conducted because preliminary versions of 

the model, in which the European electricity sector was modelled as a single EU27 wide 

sector, did not provide satisfactory results in terms of technology mix in production. For 

instance all nuclear energy installations were indiscriminately dispatched to respond to an 

EU27-aggregated baseload, which in effect meant French nuclear energy was used to meet 

baseload electricity demands in for instance Poland. The categorisation of the installations of 

different countries into specific regions was done on the basis of relative interconnection of 

national electricity markets. The UK and Ireland, like the Iberian Peninsula, being relatively 

isolated markets with limited interconnection with mainland Continental Europe, were 

naturally set as distinct regions. The division of Continental Europe into West & Northern 

versus Eastern is based on the relative integration of markets, according to electricity 

import/export data taken from (ENTSO-E, 2010).   

In terms of production, the highest impact in terms of emissions is from coal-gas switching. 

To prevent a situation where there is a large amount of coal-gas switching between 

installations of different countries within a single region (since electricity demand-supply is 

modelled on a regional rather than a national scale), an effort is made to isolate the major 

coal-gas switching installations to their reasonable geographic perimeter, to limit cross-border 

switching. This is already achieved to a large extent due to the definition of the regions: the 

UK and Ireland (responsible for the majority of coal-gas switching in the EU) is a region on 

its own, as is the Iberian Penninsula. The other major occurrence of switching is in the 

German market: German coal and gas switching installations are thus isolated from the other 

coal and gas installations of the Continental Western & Northern European region, and 

                                                           
20

 This region consists of the following countries: Austria, Belgium, Denmark, Finland, France, Germany, Italy, 
Luxembourg, Netherlands and Sweden. 
21

 This region consists of: Bulgaria, Cyprus, Czech Republic, Estonia, Greece, Hungary, Latvia, Lithuania, Malta, 
Poland, Romania, Slovakia, and Slovenia. 
22

 This region consists of: Spain and Portugal 
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switching is only allowed within this isolated section of the regional park. These three “coal-

gas” switching clusters, together account for up to 80% of switch capacity
23

.  

2.3.2 Electricity demand  

Electricity demand is partly exogenously determined and partly endogenous. The electricity 

demand for each is expressed in the first instance using a baseline exogenous demand, 

obtained by extrapolating most recent demand data using average annual growth rates (based 

on past trends) for each given time horizon; this baseline exogenous demand is then further 

manipulated in the model (endogenously) to vary in accordance with the EUA price. As EUA 

prices increase, increasing the costs of electricity production, the electricity production sector 

could be expected to pass on the increased costs of production to their consumers. The result 

is progressively increasing electricity prices as EUA prices increases, the knock-on effect of 

which is to incite energy efficiency measures, or reduced consumption, from electricity 

consumers. This pass-through
24

 effect of EUA prices, lowering electricity demand, is 

represented in the model.    

First, a baseline (EUA-price independent) electricity demand is determined which is based on 

extrapolating current demand, using an average annual growth rate for the future period in 

question. Depending on the length of the future period being analysed, the average annual 

growth rate is determined using different sets of data, spanning different time periods. For the 

short-term, electricity demand data for the previous 3 years were used as a basis to determine 

the short-term average annual growth rate; for the long-term electricity demand data for the 

previous 5-10 years were used to determine the average annual long-term growth rate. 

Distinguishing two average annual growth rates, short- and long- term according to whether 

the horizon of analysis is the next few years or decades, is important since the two may differ. 

The economic situation Europe has over the past few years been experiencing, and still is, an 

economic downturn which has shown itself in recent economic growth rates. While these 

effects are relevant for estimating near-term electricity demand projections, their impact on 

and relevance for estimating long term demand trends is lower. As such, short-term electricity 

demand projections in the model reflect the average situation over recent years, which are 

                                                           
23

 Calculations based on information in (Delarue, 2008) show the UK, Ireland and Germany to account for 
approximately 70% of switch for the years 2005 and 2006; including the Iberian Penninsula brings switch 
coverage to around 77-80% 
24

 The term carbon price ‘pass-through’ refers to the extent to which the carbon price influences electricity 
market prices, referred to also as ‘work-on’ rate of CO2 costs (Sijm et al., 2006a)  
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highly influence by the recent and ongoing economic downturn, whereas long term electricity 

demand projections are based on the average situation spanning a longer past period of time. 

Past data is taken from Eurostat (n.d.); it is available on a country-level, as such, the regional 

demand levels and growth rates can be determined by aggregating data for the individual 

countries making up each region. The data used to represent demand is the demand for 

production, taking into account system and other losses
25

.  

This baseline electricity demand is then considered to exhibit EUA-price elasticity as 

described previously, with increasing EUA prices resulting in increasing electricity prices and 

decreasing demand. The EUA price effect on electricity demand is also different according to 

the time horizon of the analysis in question, since electricity demand is more price-elastic in 

the long-term compared to the short-term. Electricity demand is thus modelled as: 

2, 2, *(1 )t t tD D x   

 2
t

t

ref

pElec
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Thus 

Equation 3: Representation of electricity demand as a function of carbon price pass-through  
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Where: 

2   = Elasticity of electricity demand as a function of price. The value 

                                                           
25

 In the Eurostat database the data line corresponds to “gross electricity production”  
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adopted depends on the time horizon of analysis, whether short-term 

(less than or equal to 5years) or long-term (longer than 5 years) 

j  = Energy conversion efficiency of the technology j (MWh 

delivered/MWh primary energy)
 26

 

,j tcapMW  = Installed capacity of technology j  at time t , in given region (MW) 

2,tD    = (projected) Annual electricity demand in the given region (MWh) 

2,tD   = Baseline (projected) annual electricity demand in given region 

(MWh) 

jem  = Emission factor associated with technology, j , as determined by the 

fuel associated with the technology (tCO2/MWh primary energy) 

j  = Electric power production technology 

jloadFactor  = Assumed annual load factor (usage) of a kilowatt of capacity 

installed for the technology j , in a given region (%) 

,ref tpElec  = Reference electricity price at time t  (€/kWh) 

tpElec  = Change in electricity price at time t (€/kWh) 

tp    = Anticipated carbon permit price (€/tCO2)
 
 

tx    = Change in electricity demand compared to baseline projection (%) 

y  = Extent of CO2 price pass-through to the electricity price (%) 

2.3.3 Modelling emissions in the short-term 

The emissions of the sector in any given year depend on the mix of technologies deployed in 

electricity production for meeting demand in each region. This is because technologies have 

different per unit emissions since they a) may be associated with different fuels, and b) may 

have varying energy conversion efficiencies.  

                                                           
26

 Technologies’ conversion efficiencies and availability factors are assumed constant within each year and from 
year to year over the period. Further model development may take into account improvements in conversion 
efficiencies over time for certain technologies 
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In line with this, the model developed contains a dispatch module to determine emissions for 

a given park configuration (technology mix). This module determines the electricity sector’s 

production decisions, that is, the required technology mix in production ,j tY , in line with the 

lowest overall production cost for meeting demand in each region. Electricity market supply-

demand equilibrium is modelled for each region, with no interconnection between regions. 

While this is not actually the case in reality, the level of exchanges between regions is not so 

significant as to disqualify this simplification: of the total 342 TWh of physical exchanges 

occurring within the entire ENTSO-E region in 2009 (see graphical overview on page 11 of 

(ENTSO-E, 2010)): 

- Exchanges between regions 1 and 2 amounted to a maximum, in any given direction, 

of 32 TWh (9% of total physical exchanges) 

- Exchanges between regions 1 and 3 amounted to a maximum, in any given direction, 

of 0.007 GWh (< 0.01%) 

- Exchanges between regions 1 and 4 amounted to maximum, in any given direction, of 

0.004 TWh (< 0.01%)  

- Exchanges between regions 2 and 3; regions 2 and 4 and regions 3 and 4 amounted to 

0 TWh 

The individual installations of each region’s electricity sector are grouped according to a 

defined set of technology categories, listed in Table 1. 
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Table 1: Technologies of the electricity sector 

Abbreviation Technology name and fuel 

ST_COAL Steam thermal – coal  

ST_COAL_CHP Steam thermal – coal – in combined heat and power (CHP) 

ST_NG Steam thermal – gas  

ST_NG_CHP Steam thermal – gas – CHP  

GT_NG Gas turbine – gas  

GT_NG_CHP Gas turbine – gas – CHP  

CCGT_NG Combined cycle gas turbine 

ST_OIL Steam thermal – oil  

ST_OIL_CHP Steam thermal – oil – CHP  

GT_ OIL Gas turbine – oil 

NUC Nuclear 

ST_WST Steam thermal – waste  

ST_WST_CHP Steam thermal – waste/bio – CHP  

ST_BIO Steam thermal – biomass  

GT_BIO Gas turbine – biomass  

HY Hydropower (non pumped storage) 

HY_PS Hydropower (pumped storage) 

PV Photovoltaic 

WTG Wind onshore 

WTGO Wind offshore 

ST_COAL_SWITCH1 Steam thermal – coal – switch technology of low efficiency 

ST_COAL_SWITCH2 Steam thermal – coal – switch technology of intermediate efficiency 

ST_COAL_SWITCH3 Steam thermal – coal – switch technology of high efficiency 

CCGT_SWITCH1 Combined cycle gas turbine – switch technology of low efficiency 

CCGT_SWITCH2 Combined cycle gas turbine – switch technology of intermediate efficiency 

CCGT_SWITCH3 Combined cycle gas turbine – switch technology of high efficiency 

CCS_COAL_RETRO Steam thermal – coal – retrofitted with carbon capture & storage technology 

CCS_COAL_NEW Steam thermal – coal – already integrated carbon capture & storage technology 

CCS_GAS_RETRO Combined cycle gas turbine – retrofitted with carbon capture & storage technology 

CCS_GAS_NEW Combined cycle gas turbine – already integrated carbon capture & storage technology 

 

Permit demand 2,tEM  of each region’s electricity sector is defined, in conjunction with the 

production decision, as: 

Equation 4: EU ETS-covered emissions of electricity sector for a given region 

,

2, ,
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Where: 

2,tEM  = Annual emission permits demand for the electricity sector of a given 

region equivalent to emissions from installations having installed 

capacity greater than 20MW (tCO2/yr)  

It is therefore necessary to determine the production deployed from each technology for any 

given year. Given the varying nature of electricity demand (refer to Figure 4) different 

technologies will be deployed for varying lengths of times).  

Figure 4: Typical electricity load curve for a single weekday (20/03/2008)  

 
(Source: RFE website, taken from (Sassi, 2008)) 

The load curve shows the evolution of electrical energy consumption (demand) over a period of 24 

hours. The figure shows that a certain minimum power (approx. 61 GW) is required to be guaranteed 

at all times (baseload), whereas a high amount of power (here, 74 GW approx.) is required for only 

relatively short periods of time (peak and high-peak). Given, the varying techno-economic 

characteristics of available power production technology, certain technologies, such as nuclear, which 

have very low operating costs and are relatively inflexible in terms of production output, are more 

suited for baseload operation (i.e. for the majority of the time), whereas others, such as oil- and gas-

based technologies, which have higher operating costs but which can be made to operate more flexibly 

are more suited for peak or high-peak operation (i.e. during limited periods of higher demand). 
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Figure 5: Filling of the load curve by merit order 
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The diagram illustrates how various technologies (T1 to T6) and capacities (units) may be dispatched 

to meet the demand over a 24-hour period. During some periods electricity from storage facilities may 

be called upon to make up for gaps between production and demand (places where the horizontal bars 

are below the red load curve). Conversely, during periods where production exceeds demand, the extra 

energy is used to replenish pumped storage reserves.  

 

For the purposes of the model we represent demand using an annual (load) duration curve 

(refer to Box 1). This is the first step in the dispatch module. As in (Sassi, 2008), the duration 

curve is approximated by a staircase type function broken down into seven steps: the “steps” 

of the staircase are of uniform height; the width of each step (referred to as the “range” of the 

load duration curve) gets progressively smaller when moving from the bottom of the staircase 

(which corresponds to the base load range of the load duration curve) towards the top of the 

staircase (which corresponds to the peak load range of the load duration curve).  The step 

widths or load ranges are characterised as follows (with units, hours/year): 730 (high-peak 

period), 2190, 3650, 5110, 6570, 8030, 8760 (baseload); between the high-peak and baseload 

ranges are the intermediate load ranges. This staircase type function requires three parameters 

for its specification: the baseload demand (or height of the lowest “step”), the peak load 

demand (or height of the highest “step”) and the ratio between baseload and peakload 

demand. All three are obtained, in any given year for which we wish to determine the load 

duration curve, by resolving, for each region of the model the two linear equations:  
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Equation 5: Load curve determination 

t

t

baseMW
bpRatio

peakMW
  

  2,*8760 * 8030 6570 5110 3650 2190 730
6

t t
t t

peakMW baseMW
baseMW D
   

        
  

 

Where:   

bpRatio  = ratio between high-peak power demand and base load power demand in the 

given electricity region 

tbaseMW  = Base load power demand (MW) 

tpeakMW  = High-peak power demand (MW) 

The ratio, bpRatio , is assumed constant over time and equal to the value used in the Imaclim 

model (cf. (Sassi, 2008)), as supplied from the POLES model. It is assumed identical for all 

regions. As can be seen from the load curve specification in Equation 5, the total demand gap, 

in MW, in between peak load and base load is distributed uniformly across the 6 non-base 

load ranges: the height of each of these non-base load “steps” in the load curve is therefore 

identical. The production (dispatch) decision, and resulting technology mix in the model, is 

based on the fundamental economic principle of meeting demand at least cost to the sector. 

This, subject to the available installed capacities of the various technologies in the park. The 

production (technology dispatch) decision is modelled explicitly for each year, and each 

electricity region. The model programme selects technologies in order of increasing marginal 

cost of production (€/MWh), until their combined installed capacities (MW) when operated 

for the demand duration (hours), allow regional demand (MWh) to be met (taking into 

account technologies’ availabilities). Box 1 describes how, through the use of annual load 

duration curves, representing demand according to “ranges”, average technology mix in 

production is derived for each year in the model. 
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Box 1: Determining technology mix in power production using the duration load curve 

 

 

In the modelling of the dispatch decision, we also take into account the technical operating 

characteristics of various technologies. Some technologies are naturally more (or only) suited 

to certain ranges of the load curve given their “cold” start-up times and ramping capability: 

The load duration curve is an aggregation of the demand profiles or load curves from all 365 days of 

the year into a single curve; it is constructed not using a chronological order for demand (as in Figure 

4) but rather using cumulated time over an annual period. As such, it gives the quantity of time over 

the year for which a given demand (power) level (in MW) is equalled or exceeded. Alternatively 

speaking, it shows the time for which a given electrical capacity is required.  

 

Example of a load duration curve: vertical axis is power demand in MW and horizontal axis the 

time in hours for a single year (Source: (Liik et al, 2004)) 

The area under the duration curve corresponds to the annual electricity demand in MWh. If the load 

curve is approximated by a staircase type function, for each segment of the function, the horizontal 

distance between the vertical axis and the edge of the step represents the cumulated duration of time or 

“range” (hours of operation) annually for which a given power demand (in MW) (given by the height 

of the step above the x-axis) is required to be satisfied.  By filling the approximated (staircase) load 

curve in order of increasing variable production cost (the merit order principle), using flexibly and 

partially the installed capacities, we obtain the capacities of various technologies to be put into 

production to meet each level of demand, at lowest cost. In this way, we obtain the optimal technology 

mix and production per technology for calculating corresponding sector emissions. 

T 1

T 2

T 4 Unit 1

T 3

T 5

T 6

T 4 Unit 2

 

Approximation of the annual load duration curve by a staircase function and the resulting cost-

competitive technology mix for each “step” of the staircase 
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nuclear energy facilities for example require several days for start-up from cold state and are 

generally (except when coming out of maintenance) kept online in some minimum (“warm”) 

state of operation. Moreover, they are not adapted to ramping up and down in accordance 

with demand (load-following), unlike for instance gas plants which are much more flexible in 

both start-up and ramping up/down aspects. Nuclear power plants are thus by default base 

load plants, and are only modelled for this range. All plants or technology types in the model 

are classified according to the range or ranges in which they can feasibly operate and are thus 

available for dispatch in those ranges, and those ranges only. As such, only base load-eligible 

technologies are modelled for the dispatch decision of the base load range, and only peak-load 

eligible technologies for peak-load etc.  

Mathematically the production decision is represented, for each region of the model (using 

subscript 2 to designate the electricity sector), as: 

Equation 6: Objective function: minimisation of short-term production costs 

 
, ,

, , ,min * *
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Where: 

Equation 7: Marginal cost of electricity production from a given technology 
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Subject to:   

Equation 8: Constraint to produce to meet demand 

 , , 2, ,* *j t range range j t range

j

D hrs availFactor D  

Equation 9: Constraint imposed by park capacity 

, , ,j t range j t

range

D capMW  

The electricity production from each technology is thus: 

Equation 10: Electricity production by technology according to use in various load curve ranges  

, , , * *j t j t range range j

range

Y D hrs availFactor   

javailFactor  = Annual full-load availability factor of a kilowatt of capacity installed 

for the technology j , in a given region  
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,j tcapMW  = Installed capacity of technology j  at time t , in given region (MW) 

2,tD  = (projected) Electricity demand in year t  in given electricity region 

(MWh/y) 

2, ,t rangeD  = (projected) Electricity demand associated with a given range of the 

load curve (MWh/y) 

, ,j t rangeD  = Deployed capacity (MW) of technology, j , used to meet regional 

demand (MW) for a given range of the load curve 

rangehrs  = Annual cumulated hours of operation, equivalent to the hours within 

the range over which the given demand is to be met 

,j tMC  = Marginal cost of electricity production using technology j at time t  

,j tOMvar  = Variable operation and maintenance costs for technology j  (€/MWh) 

,j tpFuel  = Long term price of fuel associated with a given technology (€/MWh 

primary energy) 

 

Resulting emissions can thus be determined using Equation 4 but in a slightly modified form 

to take into account the fact that the EU ETS applies to electric power installations of a 

certain size. The dispatch module determines the production from each technology category 

used to meet demand at least cost, but does not tell us the exact installations used. As such, 

we do not know the exact usage of installations above and below the EU ETS 20 MW 

inclusion threshold. An approximation of emissions from EU ETS (> 20MW) installations is 

therefore made by determining total emissions of the dispatched (modelled) production 

(similar to applying Equation 4 to the entire production without the 20MW threshold 

distinction), and subtracting the estimated emissions from installations below 20MW, 

assuming a base load usage. This gives the following.      
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Equation 11: Estimated emissions from EU ETS electricity sector installations 
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As the total capacity of installations below 20 MW, in the EU27 power park, is relatively low 

(18 GW) compared to the total park capacity (~800 GW), the approximation is not expected 

to significantly influence the modelled emissions result.  

It should also be noted that waste installations are not included under the EU ETS regulation. 

Thus, although the production from these installations is determined in the dispatch module, 

the emissions factor associated with this production is set at zero for the purposes of 

estimating emissions relevant for EU ETS purposes. 

To determine the (optimal) technology mix in production ,j tY , the model’s dispatch module 

(Equation 6) finds, for each region, for each range of the load curve and each year t , the least-

cost capacity deployment strategy (technology mix), , ,j t rangeD , for meeting the demand 

associated with that range, 2, ,t rangeD . Here it is important to recall that, depending on their 

operating characteristics (cold-start times, ramping capabilities etc.), only a subset of all the 

technologies in the park may be eligible for deployment in any given range; thus only a subset 

of technologies will enter into the least-cost deployment decision for each range. The cost 

associated with a given technology is the product of the marginal cost ,j tMC  of the 

technology (this is made up of fuel cost, variable operation and maintenance (O&M) cost, and 

carbon emission cost, as shown in Equation 7 and the required hours of operation 

rangehrs associated with each range. As the filling of the load curve starts with the base load 

range (for which all technologies are technically eligible), the least-cost strategy will see the 

lowest marginal cost technologies being deployed for the longest (base load) ranges of the 

load curve. As we move up the load curve, towards higher demand ranges it becomes 

necessary to call upon technologies of progressively higher marginal costs as a result of two 

effects: 1) capacities of lower cost technologies become fully used up, having been used for 

base load and lower intermediate load curve ranges 2) generally, technologies having the 

lowest marginal costs of production (e.g. nuclear, coal (at low EUA prices) and biomass 

steam turbines (at higher EUA prices)) are not suited to operation in the shorter (peak) ranges, 

due to their longer cold start times and limited ramping capabilities. This progressive 
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dispatching of capacities in line with increasing marginal production costs (and according to 

range) is the merit order dispatch method, typically employed in power production 

scheduling. The cost minimisation is subject to two constraints: 

1. The aggregated production for all technologies dispatched for a given range must be at 

least sufficient to meet demand for that range (Equation 8) 

2. The overall deployed capacity per technology at time t cannot exceed the total 

installed capacity of that technology in the park at time t (Equation 9) 

Importantly, the minimisation programme includes anticipated CO2 permit price as a 

parameter. The dependence of the dispatch decision on permit price means that emissions 

resulting out of the production decision represent EU ETS-constrained emissions i.e. (short-

term) abatement is implicit.  

It is important here to describe how this permit price is represented in the model. We make 

use of the findings of Rubin (1996) and Schennach (2000) that, in a competitive permit 

market with full banking and borrowing
27

, the price of permits grows at the risk-free interest 

rate (constant present-value permit price). The inherent assumption is that firms, for each end-

of-year compliance, will never need to borrow more than 1 years’ worth of allowance, that is, 

their emissions will never exceed their past year’s allocation by more than the amount of the 

subsequent year’s allocation
28

.   

In accordance with this, within a give Phase, the sector’s anticipated permit price follows a 

trajectory: 

Equation 12: EUA permit price trajectory incorporated into sector decision-making 

 1 1m m

n np p r    

m

np   = The sector’s anticipated Phase permit price in year n of Phase m  

m   = II, III,...(Phases II, III etc.) 

                                                           
27

 Full banking and borrowing is not exactly the case in the EU ETS – while there is full banking, in the case of 
borrowing, as it is only possible for installations/sectors to borrow permits from the allocation of the 
subsequent year (year n+1), there is a technical limit dictated by the quantity of year n+1 allowances allocated; 
in practice this constraint is not attained, thus for the purposes of simplicity we consider that there is also full 
borrowing between any two successive years within an EU ETS Phase 
28

 This assumption is important primarily for Phase II, where the main basis of permit supply is by 
grandfathered allocation and auctions are not yet the norm. In Phase III where there will be a progressive 
increase in the use of auctioning – in the case of the electricity sector, complete auctioning as of 2013 – the 
conditions surrounding borrowing will depend on the modalities of auctioning: timing, amounts etc.   
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r   = Risk-free interest rate (%) 

The expectation
tp of anticipated permit price is therefore represented as a set of “Phase 

prices”, that is,      
, ...

* 1
tm

t m II III
p p r


  ,

29
 and sectors are assumed to adopt a single 

(constant-value) permit price as the basis for their abatement decision for all years within a 

given Phase.  

mp  = The sector’s (constant-value) anticipated permit price for a given Phase m , 

actualised to the starting year of the model (Phase II; m II ) (€/tCO2) 

Thus, carbon prices referred to in the context of this model (whether as exogenous input, or 

potential output of the model) refer to a constant-value (2008) carbon price, which differs 

from prices in other years simply by the risk-free interest rate (no consideration is given to 

cost-of-carry). 

As noted earlier, technology mix in production is bound by the regional park mix i.e. installed 

capacities per technology in the park, in any given year. The park mix evolves over time in 

accordance with the sector’s investment in new power production capacity. This is necessary 

to bridge the gap between a depreciating electric power production park and growing demand. 

The electricity sector’s technology choices for investment in new capacity will be determinant 

in the future emissions of the sector.  

2.3.4 Modelling emissions in the medium- to long- term 

In order to capture the role of investments in future emissions and thus permit demand, the 

Zephyr model includes an investment module for determining the technological composition 

of new capacity investment. The method is based on determining the least cost technology for 

meeting the demand for new capacity in each region. As capacity demand can (and must) be 

qualified according to the nature of the demand type (whether it is base/peak/intermediate 

load), investment is distinguished in the model according to whether it is for base-, peak- or 

intermediate-load use, that is, according to its expected load factor. The type of capacity 

demand required is determined from the load curves of the model: each range of the annual 

                                                           
29

 The relationship between time, t , and the years, n , in a given Phase, m , of mN years being t n   ; 

where: 1,2,... mn N , the years within a given Phase , m ( 0  ,for 2m  ; 
1

2

m

k

k

N




 , for 2m   ) 
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load duration curve is considered as a separate demand type. The load duration curve is 

determined for each region and year of the model according to the projected regional annual 

electricity demand; electricity production and capacity requirements for each region and range 

of the load curve may be determined from one year to the next by simple subtraction. Thus, 

any need for new capacity for a technology operating in a given range of the load curve is 

determined as follows:  

Equation 13: New capacity requirement to meet evolving demand, according to load curve range 

 , , 1

, , max 0,
*

range t range t

j range t

j range

D D
cap2coverDemand

availFactor hrs


 
 
 
 

 

And the total investment in a given technology in a given year is: 

Equation 14: Total new capacity requirement for a given technology to meet evolving demand 

 , , ,1j t j range t

range

cap2coverDemand reserveMargin cap2coverDemand     

Where: 

, ,j range tcap2coverDemand  = Required new capacity of technology j  at time t , needed to 

respond to evolving demand of a given load type (base-/peak-

/intermediate) of the duration curve (MW) 

,j tcap2coverDemand   = Required new capacity of technology j  at time t , needed to 

respond to evolving demand overall (MW) 

,range tD  = Demand (MW) of a given range of the load curve in a given 

region in year, t  

, 1range tD     = Demand (MW) of a given range of the load curve in a given 

region in the preceding year, 1t   

reserveMargin  = Reserve margin (%) 

The selection of technology(ies) to be invested in to meet the new capacity needs in a given 

year, for each range/demand type (base-/peak-/intermediate loads) is done using a least-cost 

approach: the technology with the lowest long-term cost of production, for operation in a 

given range of the load curve, is selected for investment first. Once the invested capacity of 

this technology reaches its technical limit for the year in question, the next cheapest 
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technology eligible in the range/demand type is selected for investment until it reaches its 

technical capacity limit and so on, until the annual capacity requirement for that 

range/demand type is fulfilled.  The investment decision also incorporates system reliability 

considerations via a reserve margin: capacity invested to respond to increased demand needs 

incorporates an additional 20% for reserve requirements.  

As is done in the case of the dispatch module, the technologies of the model are classed 

according to their feasible operation ranges: base load, intermediate-load, and peak-load, 

according to their cold-start times, ramping up and down capability etc. As such, only base 

load-eligible technologies are modelled for the investment decision of the base load range, 

and only peak-load eligible technologies for peak-load. A single technology may be classed in 

several operation ranges, if its technical capabilities are adapted to operation in those ranges 

without significant penalties in terms of their performance characteristics (e.g. conversion 

efficiencies)
30

.  

The basis for comparison of alternatives is technologies’ levelised cost of electricity 

production, consistent with the methodology typically employed for this type of analysis (see 

for example, (IEA, 2010), (EIA, 2011)). The levelised cost of electricity production represents 

the present value of the total cost of building and operating a plant over an assumed lifetime, 

converted to equal annual payments and expressed in terms of the kilowatt-hours generated 

for a given utilisation rate. It incorporates all long-term production costs (fixed and variable), 

over the lifetime of the technology
31

. The levelised cost of production is the cost of a kilo-

watt hour of electricity generated by a given technology for a particular usage rate or annual 

load factor (dictated by the range of the load duration curve for which investment is being 

considered), and represents the cost per kilowatt-hour that must be charged over time in order 

to pay for the total cost of the power plant over its lifetime. It is determined as follows: 

,

,

* *
*

* (1 )

jh lifetime

j j j j t j t

j t j jt
t hj range j

CRF CInvest OMfixed pFuel em p
LC CRF OMvar

availFactor hrs r





  
     

  

                                                           
30

 For instance: combined cycle gas turbine technologies are feasible investment options for baseload and 
intermediate load ranges; gas turbines, technically can be analysed for all 3 ranges, although they are generally 
used in peak load ranges and possibly intermediate load (this can potentially be left to the model to decide 
based on economics) 
31

 Levelised cost is essentially the lifetime average present-value cost of electricity generation 
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Where: 

 
*(1 )

(1 ) 1

j

j

lifetime

j lifetime

r r
CRF

r




 
 

And where: 

jCInvest   = Investment cost for technology j (€/kW) 

jCRF    = Capital recovery factor for j  

,j tLC  = Levelised cost of electricity generation for technology j  (€/kWh) 

jlifetime   = Lifetime of the technology j (yrs) 

jOMfixed   = Fixed operation and maintenance costs for technology j  (€/yr) 

r    = Discount rate 

The total levelised cost of newly invested capacity includes, as part of its lifetime variable 

costs, an anticipated carbon permit price. The sector’s investment decision is thus conducted 

in an EU ETS-decision framework, with long term abatement implicit in the investment 

decision.  

In addition to increased electricity demand, new capacity investment is required to cover the 

capacity gap resulting from retirement of old plants. Retired capacity is calculated in the 

model as capacity which has reached the end of its economic lifetime (or is fully-depreciated) 

and which is taken to be scrapped from the park. It is defined as: 

  
 

, 1

,

,

/
j t

j t j

vintage

t j t

j j age lifetime

depCapMW depCapMW capVintageMW




    

,

vintage

j tage   = Age of technology of a given vintage at time t  

, 1j t

vintagecapVintageMW


 = Total capacity (MW) of installations of a given technology j , of 

various vintages, in the park at time 1t   & not yet at the end-of-life 

,j tdepCapMW  = Capacity of technology type j that reaches the end of its economic 

lifetime at year t  

tdepCapMW  = Total park capacity (MW) which reaches the end of its economic 

lifetime at year t  
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jlifetime   = Lifetime of the technology j (yrs) 

In order to take into account the gap left by retired capacity in the new capacity investment, 

we make the simplifying assumption that, on average, the depreciated capacity affects all load 

ranges to the same proportion. As such, the calculated capacity requirement for a technology 

for a given load range (from Equation 13) is scaled up to account for retired capacity, as 

follows: 

Equation 15: New capacity needed to meet demand and make up for retired capacity   

, ,

, , , ,

, ,

*

j range t t

j range

j range t j range t

j range t

j range

cap2coverDemand depCapMW

investMW cap2coverDemand
cap2coverDemand








 

, ,j range tinvestMW  = Total new capacity of technology j required to be invested in a given 

range at year t  (MW) 

2.3.5 Technologies modelled  

The dispatch module is applied to the conventional power park only. Renewable energy (RE) 

dispatch is integrated in a different manner, in that RE production is affected to the base load 

range of the load curve, effectively reducing base load demand (with the exception of 

production from stored hydropower, which is affected to the peak ranges of the load curve). 

The “conventional load duration curve” is derived by shifting the overall load curve 

downward
32

 by a demand (MW) equal to the effective renewable energy capacity in the park 

at each time t . The effective renewable capacity is simply the total RE installed capacity per 

RE technology type multiplied by the respective average annual capacity factors per RE 

technology type. In terms of investment, the renewable electricity investment is affected by 

other factors – technical, economic and financial – which means the investment decision 

cannot be modelled in the same manner as for conventional technologies
33

. New capacity 

investment in RE can be fed exogenously to the model on the basis of projections from 

industry associations, or according to defined scenarios. RE investment can also be modelled 

                                                           
32

 All renewable energy capacity is affected to the longest (base) ranges of the duration curve due to priority 
dispatch treatment; the result for the duration curve is thus a shift downwards in the entire duration curve. 
33

 Additional criteria which come into play in the investment decision for electricity production from renewable 
energy sources include: typically higher investment costs; various national-level incentives in the way of 
subsidies, feed-in tariffs, green certificate systems; limits on technical potentials; grid considerations which 
potentially limit the allowable production/injection of electricity from intermittent renewable energy 
production etc. 
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endogenously by assuming a region-wide uniform production subsidy, which may vary across 

RE technologies, to account for RE incentives in place in many EU countries.   

Combined heat and power (CHP) generation technologies are also not modelled 

endogenously in the investment and dispatch module, their production and new investment 

dictated rather by the demands of the heat market. Their anticipated production is determined 

in a similar manner to that of renewable technologies, and also treated as a negative demand 

as in the case of renewables. New investment in these technologies is fed exogenously to the 

model based on past trends. 

2.4 Compliance 

From the above, the market position (or market equilibrium) equation for a given Phase, with 

full banking and borrowing, is: 

Equation 16: EUA market position for a given Phase 

    1, 2,

m m

t t t t

t

excessSupply p S CER EM EM p    
     

Figure 6 shows the exogenous and endogenous variables of the model schematically as it 

relates to the determination of the final market position or supply-demand equilibrium.  
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Figure 6: Exogenous and endogenous variables of the model 
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Here, as perfect foresight is assumed, the values of all exogenous variables are taken to be 

known by market actors with certainty.  

Compliance status (excess supply) is determined as follows: 

1. The model is fed with an initial permit price (assumed by the modeller), which is the 

electricity sector’s constant-value anticipated permit price for the Phase 

2. Based on the permit price, the model determines the optimal operating and investment 

strategies for the electricity sector for the period 

3. Annual electricity sector emissions, and thus permit demand, for the given permit 

price are calculated according to Equation 3  

4. Annual electricity sector emissions are summed with annual non-electricity sector 

emissions (determined in Zephyr’s non-electricity sector module, or entered 

exogenously according to Equation 2, as the case may be), giving overall annual 

permit demand 

5. The result for annual permit supply less demand is summed over all years in the 

Phase, giving overall excess supply, and thus the compliance situation for the Phase. 

If the compliance result from Equation 16 is different from zero, then it means that the EUA 

price incorporated by the electricity sector in its abatement (operation and investment) 

strategy is not in line with that which would enable the attainment of global Phase compliance 

or equilibrium. The market will therefore be in a net short or long position. 

There are two possible modes of analysis for the Zephyr model: “endogenous compliance” 

mode and “external signal” mode. In external signal mode, we are concerned with analysing 

the outcome of the permit market, and in the case of the electricity sector module, the sector’s 

technology choices, and consequent emissions, for a given anticipations of the permit price 

i.e. an exogenous EUA price. The underlying principle is that sectors’ emissions, and thus the 

overall market position, result from sectors’ optimal (least-cost) operation and investment 

decisions, while integrating the anticipated EUA price. In the endogenous compliance mode, 

we are concerned with finding the lowest (endogenous) permit price that, when integrated into 

the operation and investment decisions of concerned EU ETS sectors, will lead to permit 

market equilibrium.  
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The method of resolution is essentially the same in both cases: an initial user-fed permit price 

is entered into the model and excess supply determined as described above. In the external 

signal mode this single iteration constitutes the end of the model resolution. However, in 

endogenous compliance mode, if the excess supply is determined to be different from zero, 

the model will continually adjust (re-iterate) the permit price until the selected price allows 

attainment of market equilibrium. This is the endogenous market equilibrium permit price for 

the Phase.  

In its current state of development, the electricity sector module operates in “external signal” 

mode, while awaiting linking of the electricity sector module with the other Zephyr modules, 

namely, the non-electricity sector emissions simulation module, and the Zephyr-FLEX 

module, which integrates permit demand (emissions) of all sectors and the strategic use of the 

flexible mechanisms in a price determination module. The EUA price is therefore exogenous. 

2.5 Uncertainty 

The model operates on the assumption of perfect foresight; the results for technology 

decisions or choices in production and investment are thus based on a given situation (energy 

prices, carbon prices, current and (future) technology costs) which is assumed to be the 

reality. However, uncertainty is a very real component which impacts decision-making: if 

prices and costs differ from projections then the “optimal” economic decision made using 

those projections may actually be sub-optimal. Uncertainty therefore carries a cost, and it may 

in fact be in the interest of the decision-maker to adopt sub-optimal strategies if the associated 

cost of “making a mistake” is lower than would be the case in adopting the optimal strategy. 

This is particularly relevant for the investment decision and the modelling of decisions in the 

long term, since the level of uncertainty only increases with time horizon of the decision. 

Sensitivity analyses are used to analyse the impact of uncertainty, in key variables and for 

given time horizons, on decision-making and the model outcomes.  

3 DATA SOURCES AND ASSUMPTIONS 

The parameters and variables used for the model may be grouped as follows: EU ETS market 

structure, non-electricity sector, and electricity sector. 

In terms of the EU ETS market: EUA permit supply is based on NAPs for Phase II and on the 

EU ETS legislation ((EC, 2009); (EC, 2010)) for Phase III; and the use of CERs is based on 
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EU ETS institutional maximum allowed amounts or projected CER availability in the EU 

ETS, based on (Delbosc et al., 2011), whichever is the limiting factor. 

In terms of the non-electricity sector, emissions to 2010 are based on CITL data of non-

combustion sectors, together with in-house calculated non-electricity sector share of 

combustion emissions. Emissions for 2011-12 are projected from the 2010 value, using an 

activity index, representative of expected production growth trends for those years, compared 

to 2010. The growth trend is based on the 2005-2011 average EU27 real annual GDP growth 

rate based on Eurostat data. For the aviation sector, which adopts its own emissions permit 

system – to be linked to the EU ETS – in 2012, an EUA permit demand of 30 MtCO2/yr is 

assumed. 

For the electricity sector, the input variables/data are: load curve base-to-peak ratio, regional 

electricity demand, electricity price, CO2 (EUA) price pass-through rate, short- and long- term 

price elasticity of demand parameters, EU27 regional installed power generation capacities, 

technology cost and performance data, fuel emission factors and fuel prices.  

Electricity demand prior to 2009 is based on Eurostat data, for the countries, and constituted 

regions, concerned. Electricity demand projections (before price elasticity adjustment) for 

2009 onwards are based on past average growth rates: for the short-term (less than 5 years), it 

is based on average growth rates observed over the 3-year period prior to 2009; for the long 

term, on growth rates observed over the 5-year period prior to 2009. Short term growth rates 

are thus: 0.59% for Continental Western & Northern Europe; 0.88% for Eastern Europe; -

0.41% for UK & Ireland, and 1.84% for the Iberian Peninsula; and long term growth rates are: 

0.88% for Continental Western & Northern Europe; 0.94% for Eastern Europe; -0.20% for 

UK & Ireland, and 3.05% for the Iberian Peninsula.  

The electricity price applicable in each region is based on 2008 Eurostat data (2008 being the 

base year for all model prices), and the CO2 price pass-through rate is a conservative 

estimated based on values reported in (Sijm et al., 2006b, Table 2). Short- and long- term 

price elasticities of demand are based on typical values reported in studies and surveys on 

electricity price elasticities, in particular (Bohi, 1981), (Dahl, 1993), and (Lafferty et al., 

2001). Each region’s load curve is determined from the region’s annual electricity demand 

and the assumed load curve base-peak ratio, which is based on the value used in the POLES 

model (assumed homogenous across regions).  
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Table 2: Data sources for exogenously defined variables 

Variable Data required / method for determination Source 

EU ETS institutional framework   

EUA Phase supply (MtCO2) 
- Phases I and II: aggregated Member States’ allocations 

- Projected: Emissions cap  

- CITL data 

- EU ETS legislation ((EC, 2009); (EC, 2010)) or user 

supplied 

Use of Certified Emission Reductions 

(CERs) (MtCO2) 

- For 2008-10: reported use of CERs  

- For 2010 onwards: projected CER use/availability in the EU ETS or the 

EU ETS imposed upper limit on CER use, whichever is lower 

- CITL data 

- Projections on CER use/availability: (Delbosc et al, 

2011)  

- EU ETS Directive (EC, 2009) 

Non-electricity sector   

Projected emissions of non-electricity 

sector  (MtCO2) 

- For 2005-10: data available on verified emissions of all non-combustion 

sectors & assumed non-electricity share of combustion emissions 

- Emissions for remaining years projected from 2010 value using an 

assumed annual average emissions growth rate based on the EU27 average 

real & projected GDP growth rate observed for the period 2005-11 

- Emissions elasticity factor of 1.85% derived on the basis of a 20% 

reduction in emissions over the period 2008-20, in line with target of (EC, 

2008)  

- Aviation sector emissions: assumed at 30 MtCO2/yr from 2012 onwards 

- CITL data and in-house analyses 

 

 

- Eurostat 

Electricity sector   

Annual electricity demand for each 

region of the EU27 power sector 

(MWh) (before price elasticity 

adjustment) 

- For 2005-08: Total gross electricity generation for all countries making 

up a given region 

- For 2009 onwards: Projected from 2008 regional electricity demand using 

past average growth rates (3-year average for short-term, 5-year average 

for long term): Short- (and long-) term growth rates are: 0.59% (0.88%) for 

Continental Western & Northern Europe; 0.88% (0.94%) for Eastern 

Europe; -0.41% (-0.20%) for UK & Ireland, and 1.84% (3.05%) for the 

Iberian Peninsula. 

Eurostat 

Electricity price (2008 €c/kWh) 
2008 average electricity prices across all demand classes, and across all 

countries making up each defined region.  
Eurostat 
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Price elasticity of demand 
Short-run elasticity = -0.2 

Long-run elasticity = -0.7 

Based on reported values in (Bohi, 1981); (Dahl, 

1993); (Lafferty et al., 2001) 

EUA price pass-through rate 0.7 (Sijm et al., 2006b, Table 2) 

Regional load curve for conventional 

electricity 

Overall load curve determined from: 

- Regional annual electricity demand (above) 

- Base-to-peak ratio of the electricity load duration curve (assumed 

homogenous across regions) 

Conventional load curve determined by removing intermittent RES-E & 

CHP production from the baseload range of load curve, and by pre-

allocating electricity from pumped storage hydro to the peak ranges: 

- Installed capacities by technology category for RE technologies (hydro, 

PV, wind) (MW)  

- Assumed capacity and availability factors (both in %) for RE 

technologies 

 

- Eurostat 

- POLES 

 

 

 

 

- (Platts, 2009) World Electric Power Plants Database 

(WEPP), (Beurskens & Hekkenberg, 2011) 

 

- (IEA, 2010); Studies compiled in (NREL, 2010) 

Energy Technology Cost & Performance Data 

Base-year power production park by 

technology (MW) 

- Installed capacities by technology category for conventional technologies 

(MW) 

- Current & projected installed capacities by technology category for RE 

technologies (hydro, PV, wind) (MW) 

- (Platts 2009) WEPP 

- (Beurskens & Hekkenberg, 2011); (EWEA, 2011); 

(EPIA, 2011) 

Technology fixed costs (€/MW) Values assumed based on values compiled in several studies 
For conventional technologies: (IEA, 2010); For CCS: 

(ECF, 2010), (McKinsey, 2008) 

Technology variable O&M costs 

 (€/MWh) 
Median values from several studies, compiled in (NREL, 2010) (NREL, 2010) 

Technology energy conversion 

efficiencies (%) 

Technology conversion efficiencies (%). Assumed based on several 

sources 
(IEA, 2010), (NREL, 2010) 

Fuel emission factors (tCO2/GJ) CO2 emissions per unit of primary energy consumption  (EEA, 2007, Table 29) 

(projected) Fuel prices  
Coal, oil and gas prices projected based on past trends 

Wood pellets prices and energy content  

(Capros et al, 2010)  

Prices: (ENDEX, 2011), (Juninger, 2011); Energy 

content: (Sikkema et al, 2011) 
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Installed capacities for conventional power generation technologies are based on the Platts 

(2009) World Electric Power Plants (WEPP) Europe database, supplemented with data (which 

includes projections to 2020) from (Beurskens and Hekkenberg, 2011) for the renewable 

energy technologies of the model. Figure 7 shows the EU27 power park configuration for the 

model for 2005, compared to that deduced from data in (Capros et al, 2010). The model’s 

EU27 power park is relatively consistent with the data, with the exception of the installed 

capacity of coal-powered plants which is significantly higher in the model. 

Technology cost and performance data are based on information compiled from a number of 

studies including IEA (2010) and those collected in NREL (2010). Fuel emission factors are 

based on EEA (2007) and past and projected fuel prices on Capros et al (2010). 

An overview of the variables and data sources used for the model is given in Table 2. 

4 MODEL VALIDATION 

The model is implemented in Matlab.  

The model validation process was conducted in two steps. The first step was to calibrate the 

electricity sector dispatch module of the model (the investment decision is not a part of the 

calibration exercise), which consisted of calibrating for annual availabilities and average 

technology conversion efficiencies. Calibration of availabilities was done for base load 

technologies; it is based on achieving a modelled technology mix in base load production 

which replicates as closely as possible that of data for the calibration years. The calibration 

years for this part of the exercise were 2003-4, prior to the start of the EU ETS, so as to be 

able to use carbon price-free data and avoid having to take into account an additional variable 

(the EUA price), and source of uncertainty. Although it is possible to extend the calibration 

exercise to include intermediate and peak load technologies, the result would not be an 

availability factor but a load factor; availability factors are therefore assumed on the basis of 

technology performance data available in the literature (refer to section 3). The calibration 

was however used to determined load factors for CHP and renewable energy production 

technologies, since the electricity production of these technologies is treated differently; it is 

actually based on average annual load factors (see section 2.3.5). The model with calibrated 

availabilities and load factors was then applied to the period 2005-6, where a carbon price was 

in place. The purpose of this step is to refine the average energy conversion efficiencies of the 
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coal and gas switch technologies, according to the production of each in the presence of the 

given their availabilities and the average futures carbon price for each year.  

The second step was to test the calibrated/refined model against data for a period other than 

the one used for the calibration/refining exercise. As such, we can observe and compare the 

model’s results for technology mix in production, and emissions, versus reported data for 

each of those years.  

One important outcome of the dispatch validation (testing) exercise, when applied to previous 

versions of the model, was the identification of the need to regionalise the European 

electricity sector. It was found, in a previous version wherein a single EU27-wide electricity 

market was used, that the technology mix of electricity production was largely 

unrepresentative of the actual situation. For instance, larger amounts of nuclear and gas-based 

production were deployed and lower amounts of coal compared to the data. This was due to 

“cheaper” units in one country (e.g. nuclear production in France) being deployed to meet 

baseload demand in other countries, which normally would not have recourse to these 

production means, not even with trade (e.g. Poland, which does not have trade with France). 

Another finding of the dispatch validation exercise for previous model versions was the 

necessity to isolate the major coal and gas switch capacity in each region: coal-gas switching 

was the largest switching phenomenon observed to occur, and when not isolated (for example 

isolation of German coal and gas plants from coal and gas plants in other countries of the 

same region) the model produces unlikely coal-gas switching across country borders. 

For the testing exercise, we run the model with the dispatch module for each year of the 

period 2007-8, where all exogenous variables are known, from data collected from various 

sources (see section 3). The 2007-8 period falling within the EU ETS period, it is necessary to 

integrate the EUA price. For this, the model is run in “external signal” mode, with an 

exogenous EUA price for each year. Specifically, we use the annual average EUA futures 

(Dec. 2009) price
34

, using data from ECX. The results of the model for each year – that is, the 

technology mix in electricity production and sector emissions – are compared to actual data.   

                                                           
34

 As the perspective of the model is that of multi-year (Phase) compliance i.e. medium term, rather than short-
term futures prices rather than spot prices are more relevant. Indeed, application of the calibrated model for 
various years, using average futures prices, gave results which were much more in line with data compared to 
results when using average spot prices 
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5 RESULTS  

5.1 Results under certainty 

The model results for the dispatch optimisation module were compared to data for the period 

2007-8, as shown by the diagrams in Figure 7. The fit of the modelled production per 

technology varies across years. For 2007, the model’s results show a good fit with the data for 

nuclear, waste, and almost all renewable energy technologies. Modelled production for coal is 

somewhat lower than would be expected from the data; this can be explained by the higher 

wind energy production which would replace coal in base load. Modelled production for gas 

is higher than expected, namely in meeting peak load production; and consequently oil-based 

production (a competing technology in this range) is lower than data. In 2008, there is a 

markedly better fit of the model’s results with the data, with all technologies’ production 

having a relatively good fit with the data, with the exception of oil which is once again below 

expectation. This can be partly attributed to the fact that pumped hydro-electricity (which is 

affected to the peak ranges) is slightly higher than the data, thus displacing oil production for 

meeting peak-load demand needs. It is also explained by the fact that the total EU27 

electricity production from the model is 1% lower than the actual production, which results 

from the use of a staircase approximation of the load duration curve (refer to figure in Box 1); 

the area the step-wise function (which represents the demand) is less than that under the 

actual load duration curve which it is meant to be representing. This would also have an 

impact on the results for 2007, and indeed all years of the model. As can be expected for a 

model which is calibrated for data based on selected years, the fit will not be accurate for all 

other years due to varying conditions in the electricity production and demand, for example 

weather conditions: rainfall will affect hydro power production, cold winters will increase 

electricity demand.   
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Figure 7: Comparison of the European electricity generation mix for Zephyr vs. EC data (2007 
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Figure 8 shows the results of the model in terms of emissions. Modelled emissions are 

consistently higher than calculated emissions of the sector. Part of the discrepancy is thought 

to be due to potential inaccuracies in the derived (calculated) data used for verification of 
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model results. It is reminded that there is no specific category “electricity generation” for EU 

ETS installations in the CITL data set, only a “combustion” category. As such, it is necessary 

to estimate from the reported “combustion” emissions, the portion which is attributable to 

electricity generation activities to have a basis upon which to compare the modelled electricity 

sector emissions. Secondly, the apparently higher modelled emissions could be a result of 

uncertainty in estimated emissions from combined heat and power installations. The 

uncertainty results from the fact that there is no simple rule for defining an across-the-board 

conversion efficiency, for the wide range of installations which are grouped together in each 

cogeneration category, to be able to determine emissions attributable to solely the electricity 

generation activity of these installations. 

Figure 8: Comparison of modelled emissions from electricity generation to calculations from 

data 
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5.2 Sensitivity analyses 

Sensitivity testing was done to check the importance of certain exogenous parameters, and 

their assigned values, for the outcome of the model, in particular with respect to annual 

production technology mix and consequent emissions. The following parameters were the 

subject of sensitivity testing: conversion efficiency of CCGT technology; electricity demand; 

gas prices; and exogenous carbon price. In terms of the outcome for production technology 
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mix, the focus is on relative coal and gas production since, with the current park 

configuration, competition amongst technologies in the production mix is dominated by 

switching between these technologies. 

The results of the sensitivity tests are shown in Figure 9 to Figure 12.  

Figure 9: Sensitivity testing results – Change in coal production and electricity sector emissions 

relative to change in CCGT conversion efficiency (Year 2008) 
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Technology mix in production is relatively sensitive to the parameter value used for CCGT 

conversion efficiency: higher CCGT conversion efficiency results in significant displacement 

of coal by CCGT production in the base load, due to lower CCGT fuel costs and thus lower 

relative dispatch costs compared to coal, making CCGT higher in the merit order. From 

Figure 9, we see that a 2% across-the-board increase in CCGT efficiencies results in a partial 

displacement of coal by the most efficient CCGT units, with a corresponding 5% decrease in 
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coal production; beyond this amount, the effect is much more pronounced, with, for instance a 

5% increase in CCGT efficiencies resulting in 20% displacement. Figure 10 shows the 

cumulative effect of increased CCGT efficiencies on electricity sector for 2008. Lower CCGT 

efficiencies do not impact the coal-gas technology shares in production, but do result in 

higher emissions since lower efficiencies mean greater fuel use (per unit emissions) of 

electricity produced. Higher CCGT efficiencies result in lower emissions due first, to 

displacement of higher-emitting coal by gas production, and second, due to the more 

economical use of fuel (lower per unit emissions) of the CCGT-produced electricity. 

As can be expected, lower gas prices also act to change the merit order of coal-gas production 

in favour of gas. The model’s sensitivity test result, in reaction to gas prices, is shown in 

Figure 10. As can be seen from the figure, up to a 2% decrease in gas price, there is no 

decrease in (displacement of) coal production; beyond this level there is partial (5%) 

displacement of coal production, with more efficient gas units becoming less costly than coal 

for base load at the given price decrease. There is no further displacement of coal by gas until 

the gas price decrease reaches 7%; between 7-8% price decrease coal production decreases 

drastically from 5% to 22%. A similar pattern is seen in electricity sector emissions at the 

same turning points. Emissions decrease by 3% with a 2% decrease in gas price, with no 

further change until a 7% price decrease at which point emissions decrease linearly to -7.5% 

over the 7-8% price decrease band. 

A change in the electricity demand used in the model would be expected to produce a change 

in emissions in the same direction: higher electricity demand would require increased use of 

more costly (and generally less efficient/more polluting) technologies, such as oil, and vice 

versa for lower electricity demand. From Figure 11 we see that the effect is linear: a 1% 

increase or decrease in electricity demand results in a 1.5% change in emissions in the same 

direction, for the period 2005-8. The impact on emissions of changes in electricity demand 

growth rate (compared to the reference rate used in the model) is thus of a more predictable or 

uniform nature compared to that of CCGT efficiencies, which have the effect of producing 

jumps at specific points. 
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Figure 10: Sensitivity testing results – Change in coal production and electricity sector emissions 

relative to change in gas price (Year 2008) 

-10 -8 -6 -4 -2 0 2 4 6 8 10
-25

-20

-15

-10

-5

0

% Change in Gas Price (relative to reference price)

%
 C

h
an

ge
 in

 C
o

al
 P

ro
d

u
ct

io
n

 

-10 -8 -6 -4 -2 0 2 4 6 8 10
-8

-7

-6

-5

-4

-3

-2

-1

0

% Change in Gas Price (relative to reference case)

%
 C

h
a

n
ge

 in
 E

le
ct

ri
ci

ty
 S

e
ct

o
r 

E
m

is
si

o
n

s 
(r

e
la

ti
ve

 t
o

 r
e

fe
re

n
ce

 c
a

se
) 

   
   

   
   

 

Figure 11: Sensitivity testing results – Change in total electricity sector emissions relative to 

change in electricity demand (Period 2005-8) 
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Figure 12 shows the effect, for 2008, of a variation in EUA price on electricity sector 

emissions, due to changes in technology dispatch costs and technology mix as a result of 

variations in technologies’ carbon costs. In general emissions decrease with increasing EUA 

price, as would be expected, since higher carbon prices work in favour of lower emitting 

technologies, in terms of dispatch costs and merit order. However, changes in emissions are 

more sensitive to changes in EUA prices within certain ranges. The most obvious case is the 

EUA price range of 20-30 €/ton – when the EUA price moves from 21 to 25 €/ton emissions 

are seen to decrease by 5%, and moving from 25 to 28 €/ton, emissions decrease by a further 

5% – thus  a total decrease in emissions by 10% over a price band of 8 €/ton. This EUA price 

range (20-30 €/ton) is the range over which coal-gas switching comes into effect (it is a range, 

since there is a progressive switching from coal technologies (moving from most- to least- 

efficient units) to gas technologies (starting with the most- efficient units). It is reminded that 

this result represents a static situation, for a given year (i.e. set of energy prices, electricity 

demand etc.), and a given power park configuration. The sensitivity results would be different 

for different years, and are highly dependent on the power park configuration. 

 Figure 12: Sensitivity testing results – Change in total electricity sector emissions (vs. 

reference case) as a function of EUA price (Year 2008) 
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6 SUMMARY AND CONCLUSIONS TO CHAPTER III 

The Zephyr model builds a gap in current work on EU ETS modelling, by providing a 

detailed representation of emissions producing processes and of the operation and investment 

decision-processes that link emissions and carbon prices over the medium to long term. In 

particular, the electricity sector module provides greater ability, compared to existing 

optimisation models, to analyse impacts on EU ETS emissions as a result of shocks which 

impact the sector, whether economic, technological or energy market related. This module is 

based on a bottom-up techno-economic representation similar to that of energy system 

models, but differs from the latter in that it is integrated into a modelling system whose focus 

is the analysis of EU ETS emissions and price dynamics, rather than energy sector dynamics. 

Its main distinguishing features from the other model types described in sections 2 and 3 are: 

a focus on the medium-term time horizon (compared to econometric models which are 

situated in the short-term, and optimisation, energy, CGE and other models, which have a 

long-term time horizon); a perimeter which is limited to the countries and installations 

covered by the EU ETS; distinct modules (electricity sector, non-electricity sector, and 

flexible mechanisms) which can operate in isolation as individual partial equilibrium modules 

(whether in electricity, non-electricity or emission reduction units markets) or integrated as a 

overall partial equilibrium EU ETS system. This approach to modelling the EU ETS and its 

individual components is, to the author’s knowledge, not treated in any existing model to-

date.  

The model can be used to test the impacts of hypothetical or projected events. For example, 

the electricity sector module (the focus of this thesis) can be used to test the impacts of 

changes in fuel prices, electricity demand, and anticipated EUA prices, on production and 

investment decisions, and consequently on emissions. From an overall EU ETS perspective, it 

is possible to examine the implications for compliance, given estimated sector emissions, and 

to analyse the impact of adjustments in institutional rules (e.g. global cap, CER credit use). 

Through the analysis of such results the model will help to generate greater understanding of 

the EU ETS and underlying dynamics, better equipping EU ETS market actors, whether 

policy-makers or operators of capped installations, for informed decision-making to improve 

the structure and effectiveness of the system.  
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Results from the electricity sector module’s dispatch module (production decision) compare 

well with verified data for the years 2007 and 2008. The values assigned to exogenous 

parameters clearly influence the model’s results, and it is important to bear this in mind when 

using the model (which is a deterministic one) to conduct prospective analyses. From the 

sensitivity tests conducted on the dispatch module, electricity demand, relative fuel prices and 

technology efficiencies are relatively important parameters in the outcome of the model. The 

latter two– relative fuel prices and technology efficiencies – both act on the same cost 

variables, fuel costs and carbon costs; the former is particularly important in the merit order 

determination, and consequently in sector emissions. Electricity demand also has a significant 

impact, producing an almost linear impact on emissions in the same direction of change as 

that of demand. The importance of the assigned value of the EUA price (when the model is 

used in “external signal” mode) as a determinant in the model’s outcome varies according to 

the price range: between 0 and 20 €/tCO2 and above 30 €/tCO2, exactness in EUA price is less 

important for the model outcome compared to over the 20-30 €/tCO2 price range.    

Further areas for research include: for the electricity sector module, explicit representation of 

the baseline electricity demand as a function of for instance macro-economic growth and 

energy prices; for the permit system partial equilibrium system, consideration of alternative 

market structures to perfect competition (for instance, market power on the part of one of the 

sectors i.e. a Cournot structure), or explicit modelling of CER prices (CER module) and 

linking with the strictly EUA price resolution model. 

7 NEXT STEPS 

The next stages of research involve the application of the developed model for the estimation 

of emissions and permit demand of the electricity sector. This is done, first, for the short-term, 

where the park composition remains relatively stable and where the production decisions are 

the more decisive element of demand. In the second instance, demand is estimated for the 

long term, where in addition to production, investment decisions play an important role. An 

important outcome of these two exercises is the ability to establish short and long term 

marginal abatement costs for the electricity sector, so as to analyse the potential for emissions 

reduction from the electricity sector in the context of the EU ETS framework, and 

implications for sector abatement targets and overall EU ETS compliance. 
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ANNEXES TO CHAPTER III 

A. The mechanism of banking and borrowing in the European Union Emissions 
Trading Scheme (EU ETS) 

Box 2: Banking and borrowing in the EU ETS 

 
30 Mar. 30 Apr. 

Start year n 

Installations submit verified year 

n-1 emissions to national authority 

28 Feb. 

Year n allowances allocation 

on installations’ national 

registry accounts 

31 Dec. 

End year n   

Installations render allowances 

corresponding to year n-1 

emissions 

1 Jan. 15 May 

Period where installation 

disposes of 2 years’ worth of 

allocation 

Publication of year n-1 

emissions by EC 

In order to be compliant, installations must submit, by April 30th of year n, permits (or allowances) 

corresponding to their verified emissions for year n-1. Each installation receives, at the latest, Feb. 28th of 

year n, his allowances for year n. There is therefore a period of at least 2 months (1st Mar. – 30th Apr.) 

where the installation has at its disposal two years’ worth of allowances allocation. The operator of the 

installation thus has, for this 2-month period, the flexibility to reallocate these allowances over the years n 

and n-1 in accordance with his real emissions for year n-1, the price of allowances on the market in year n-

1, and his expectations regarding emissions and allowances prices for year n. He may choose to “borrow” 

emissions allowances, using some of his year n allowance allocation for compliance in year n-1. 

Installations can also decide to “bank” emissions i.e. carry forward some of his year n-1 allowances 

allocation for possible use in year n, depending on his position (in particular if he is long), the price of 

permits in year n-1 (namely, if they are low), and expectations regarding own emissions for year n 

(particularly, if relatively high).  
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B. Construction of the EU electric power park of the model from various 
databases 

The UDI World Electric Power Plants (WEPP) Data Base for Europe was used as the basis 

for characterising the EU ETS electricity sector, in particular the non-renewable part of the 

park.  

The UDI World Electric Power Plants (WEPP) Data Base provides a global inventory of 

electric power generating units. It contains information on, amongst others, ownership, 

location, start-year of operation, technology, size, and engineering design for power plants 

operated by regulated utilities, private power companies, and industrial or commercial auto-

producers across the world. Coverage of the database is for the majority of conventional 

power generating technologies is comprehensive if not complete. Coverage for wind turbines, 

diesel and gas engines, photovoltaic (PV) solar systems, fuel cells, and mini- and micro-

hydroelectric units is considered representative, but is not exhaustive in many countries. 

The main data extracted from the database include: start year of operation, technology type, 

fuel type, country location, capacity rating, plant operating status. The WEPP database 

contains 28 technology types and 51 fuel types, thus potentially over 1000 technology-fuel 

combinations. In order to arrive at a workable number of technologies for the techno-

economic characterisation of the electricity sector, the WEPP Europe database was re-worked. 

The manipulation of the WEPP database first consisted of aggregating similar technology 

types (prime movers) into fewer categories, based on relative similarity in techno-economic 

characteristics; for instance database categories “internal combustion engine” and 

“gas/combustion turbine” were grouped aggregated into a single technology type “gas 

turbine” in the aggregated database. Similarly fuel types were aggregated, based on relative 

similarity in prices and emissions factors; for instance, fuels the database fuel categories 

“biogas”, “landfill gas” and “digester gas” were all categorised as “biogas” in the aggregated 

database. In so doing, it was possible to reduce the number of technology-fuel combinations 

from 1,000 to a workable 30 technology-fuel categories.  

As mentioned, the European electricity sector was divided into specific region, because 

preliminary versions of the model, in which the European electricity sector was modelled as a 

single EU27 wide sector, did not provide satisfactory results in terms of technology mix in 

production. For instance all nuclear energy installations were indiscriminately dispatched to 

respond to an EU27-aggregated baseload, which in effect meant French nuclear energy was 
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used to meet baseload electricity demands in for instance Poland. It was therefore necessary 

to re-group the several thousands of installations of the WEPP Europe database (which 

classifies the installations according to individual countries) according to relevant regions. 

The regionalisation, or grouping of installations of different countries into a given region, was 

done on the basis of relative interconnection of national electricity markets. Thus, the 

installations of the database were affected to one of four regions according to their location, as 

follows: Continental Western & Northern Europe
35

, Eastern Europe
36

, UK & Ireland, Iberian 

Peninsula
37

. The categorisation of the installations of different countries into specific regions 

was done on the basis of The UK and Ireland, like the Iberian Peninsula, being relatively 

isolated markets with limited interconnection with mainland Continental Europe, were 

naturally set as distinct regions. The division of Continental Europe into West & Northern 

versus Eastern is based on the relative integration of markets, according to electricity 

import/export data taken from (ENTSO-E, 2010). 

Of the 30 technology types derived in the aggregated database, 5 are (non-biomass) renewable 

energy technologies; these are: hydroelectric (not pumped storage), hydro-electric (pumped 

storage), photovoltaic (PV), wind onshore, and wind offshore. The WEPP database does not 

contain complete data for these technologies, in particular for more recent years. Data on 

installed capacities for these technologies was thus based partly on WEPP data, and, in 

particular for more recent years and for projections to 2030, on the data tables available in 

Beurskens and Hekkenberg (2011), where data is available from 2005 onwards. Renewable 

energy (projected) installed capacities are also categorised according to region, as previously 

described. WEPP data were used for the period up to 2005. For the period 2005-10, 

Beurskens and Hekkenberg (2011) has installed capacity data for each country for these two 

years. Once the country data were grouped and summed according to the pre-defined regions, 

interpolation was used to determine installed capacities for intermediate years. In terms if 

installed capacity projections, for the period to 2020, capacity additions follow the projections 

of Beurskens & Hekkenberg (2011) for all the different categories of renewable technology 

defined for the model. For the period 2021 to 2030, capacity additions are effected using an 

                                                           
35

 This region consists of the following countries: Austria, Belgium, Denmark, Finland, France, Germany, Italy, 
Luxembourg, and Netherlands. 
36

 This region consists of: Bulgaria, Cyprus, Czech Republic, Estonia, Greece, Hungary, Latvia, Lithuania, Malta, 
Poland, Romania, Slovakia, and Slovenia. 
37

 This region consists of: Spain and Portugal 
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average annual growth rate. In the case of on- and off- shore wind, this rate is in line with 

EWEA’s (2011a) projections for total additional capacity for the period. In the case of PV, the 

growth rates areestimated on the basis of past growth rates from Beurskens & Hekkenberg 

(2011) and  in line with (EPIA, 2011). Finally, in the case of hydro, in the case of run-of-river 

hydro the average growth rate estimated for the 2010-20 period, using the data in (Beurskens 

& Hekkenberg  2011) is applied; and in the case of pumped storage hydro, in the electricity 

regions where new capacity additions can still occur, capacity additions are based on the 

average of 2019 and 2020 growth rates, using the data in (Beurskens & Hekkenberg  2011). 
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IV. ANALYSIS OF EU ETS-ELECTRICITY 

SECTOR INTERACTIONS IN PHASE II  

1 INTRODUCTION 

This chapter focuses on the interactions between the EU ETS, production decisions, and 

emissions/abatement of the electricity sector for the period 2008-12 (Phase II of the EU ETS). 

As mentioned previously, the modelling tool is used to simulate the electricity sector’s 

production decisions and emissions, in the presence of a carbon price, so as to gain insight 

into the abatement potential resulting from a change in the technology dispatch preference on 

an average-annual basis as a result of carbon prices ensuing from EU ETS policy. This is 

referred to as “short-term” abatement, as opposed to medium- to long- term abatement which 

is the result of EU ETS-induced impacts in the way of investment (in lower-emitting 

technologies, as the case may be). EU ETS influence on investment would not be expected to 

be very visible for this Phase as the EU ETS is a relatively recent measure, and new power 

production capacity entails lead times of 3 to 5 years (at least) for implementation. This 

means that any abatement that could have been or can still be achieved during Phase II is/will 

be primarily related to changes in production, specifically in the way of technology mix for 

responding to demand.  

This is not to say that short-term abatement is not influenced by the longer term policy 

environment. Given the supply-demand situation for Phase II – which, as a result of the 

economic downturn being experienced in the EU since 2008, is strongly expected to be long 

one – one could question the need to abate at all for this Phase. The electricity sector – or 

indeed any other sector which received fewer emissions permits allocations than it expects to 

need from its emissions – could simply purchase excess permits in the market from sectors 

who received more than needed for the Phase. This supply excess situation – if considered 

simply from the point of view of a 2008-12 time horizon – would not incite abatement in the 

electricity sector, and would result in a low carbon price, potentially even zero. The fact is, 

however, that carbon prices in the market have not been zero, which would suggest that actors 

are engaging in banking on the basis of longer-term anticipations. Short-term dynamics in the 

EU ETS are thus, at least partially, guided by longer term anticipations. 
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This chapter analyses the emission-price dynamic of the electricity sector in the short-term. It 

seeks to investigate the reaction of the electricity sector (production technology mix and 

emissions) to carbon prices, to estimate emissions abatement that has and will occur in Phase 

II of the scheme, to analyse the role of various determinants (e.g. energy prices, economic 

activity) in the potential outcomes, and to explain the electricity sector’s reaction in the 

current EU ETS market situation. The work also analyses the impact of emissions-related 

energy policy decisions, such as the German decision to withdraw 8 GW of nuclear capacity 

from production in 2011.  

The quantitative analyses are realised via the application of the electricity sector modelling 

tool described in the previous chapters, to obtain the technology mix, and consequent 

emissions, in electricity production at various anticipated EUA prices.   

The structure of this chapter is as follows: Section 2 gives a brief overview of the modelling 

approach used in the analysis; Section 3 describes the base case, the assumptions used and the 

variables/parameters which are the subject of sensitivity/scenario analyses; Section 4 outlines 

the three alternative scenarios investigated; Section 5 presents and discusses the results of the 

base case and scenarios, the analysis of the German nuclear policy situation, as well as 

sensitivity analyses; Section 6 summarizes and concludes and Section outlines the next steps.  

2 MODEL APPROACH 

2.1 Review of emissions-price dynamics modelling approach and the role of 
uncertainty 

As a recap, the principle behind Zephyr’s electricity system module is the determination, for 

each of the four regional markets defined for the EU
38

, of the technology mix of annual 

production to meet electricity demand, using a least-cost (merit order) basis while integrating 

the costs associated with carbon emissions. The model is used to derive the sector emissions-

EUA price dynamic by determining, for a series of anticipated EUA prices, technologies and 

capacities used for meeting the ensemble of demand types (base-/peak-/intermediate loads) at 

least cost, and the resulting carbon dioxide emissions. The latter is determined directly from 

the technology mix by applying emission factors for each technology-fuel combination. A 

carbon (EUA) price influences the outcome in two ways. Firstly, a price on CO2 emission 

represents an additional component of the marginal production costs of electricity producing 

                                                           
38

 The European electricity sector is represented as four regions: Continental Western & Northern Europe, 
Eastern Europe, UK and Ireland, and the Iberian Peninsula. Refer to previous chapters for further detail 
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technology, which may potentially change the merit of technologies (in favour of lower-

emitting technologies), thus altering technology dispatch preference, and sector emissions, on 

average. Secondly, the electricity demand in the model is elastic according to its price, thus, 

depending on the level of pass-through of emission permit prices to the electricity price, 

carbon prices can have a downward push on electricity demand – lower electricity demand, 

implies lower emissions, all other things being equal. Estimation of the parameter EUA price 

pass-through rate, and to a lesser extent elasticity
39

, introduces uncertainty into the model. 

Moreover, it is reminded that the baseline electricity demand (that which exists in the absence 

of price changes due to carbon price pass through) is itself a projection estimated on the basis 

of past data, and is thus also subject to uncertainty. Furthermore, fuel price projections also 

influence technology merit order and dispatch preference, irrespective of carbon prices. The 

impact of the uncertainties associated with parameter estimation and variable projections, on 

the emissions-price dynamic of the electricity sector, is investigated through sensitivity 

analysis. 

2.2 Model setup in terms of modelled technologies and park mix 

The dispatch decision of the model relates to switching between the following technologies:  

steam-turbines in conjunction with coal, natural gas, oil, nuclear energy or biomass; gas 

turbines using natural gas/oil/biogas; and gas turbines in combined cycle based on natural gas. 

Intermittent renewable energy technologies and combined heat and power technologies are 

not modelled in the dispatch decision as explained in the previous chapter. Table 3 shows the 

characteristics of the technologies modelled in the dispatch module (it is reminded that neither 

renewable energy- nor CHP- based technologies are modelled in the dispatch module; their 

production is determined by applying an average annual load factor, and deducted from 

electricity demand, as described in the previous chapter). 

                                                           
39

 While a relatively significant body exists on the estimation of short-term price elasticity in electricity markets, 
there is less data available and investigation to-date on carbon price pass-through rates. The level of 
uncertainty associated with the latter is thus expected to be more significant in the uncertainty associated with 
the model outcome. As both factors act on the same variable – electricity demand – only one is chosen as the 
subject of sensitivity analysis, the carbon price pass-through rate  
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Table 3: Characteristics of technologies of the model 

Technology ST_COAL ST_NG GT_NG CCGT_NG ST_OIL GT_OIL NUC ST_WST ST_BIO GT_BIO 

Conversion Efficiency 2008 (%) 37% 37% 36% 49% 37% 37% 35% 36% 36% 36% 

Fuel cost (€c/kWh) 1.91 4.72 4.86 3.57 7.60 7.60 0.93 0.00 5.45 10.00 

Variable O&M cost (€c/kWh) 0.10 0.10 0.10 0.10 0.10 0.10 0.00 0.87 0.87 0.87 

CO2 emission cost at EUA price 

of 20 EUR/tCO2 (€c/kWh) 
1.84 1.09 1.12 0.82 1.52 1.52 0.00 0.00 0.00 0.00 

Production subsidy (€c/kWh) 0 0 0 0 0 0 0 0 3 3 

Marginal Cost of Production 

(€c/kWh); CO2 price = 0 
2.0 4.8 5.0 3.7 7.7 7.7 0.9 0.9 3.3 7.9 

Marginal Cost of Production 

(€c/kWh); CO2 price = 20 
3.8 5.9 6.1 4.5 9.2 9.2 0.9 0.9 3.3 7.9 

2008 Installed Capacity (MW) 58,880 25,325 15,318 51,944 41,868 17,832 138,590 1,728 2,924 1,803 

 

Technology COAL_SWITCH1 COAL_SWITCH2 COAL_SWITCH3 GAS_SWITCH1 GAS_SWITCH2 GAS_SWITCH3 

Conversion Efficiency 2008 (%) 35% 37% 39% 47% 49% 51% 

Fuel cost (€c/kWh) 2.02 1.91 1.81 3.72 3.57 3.43 

Variable O&M cost (€c/kWh) 0.10 0.10 0.10 0.10 0.10 0.10 

CO2 emission cost at EUA price 

of 20 EUR/tCO2 (€c/kWh) 
1.94 1.84 1.74 0.86 0.82 0.79 

Production subsidy (€c/kWh) 0 0 0 0 0 0 

Marginal Cost of Production 

(€c/kWh); CO2 price = 0 
2.1 2.0 1.9 3.8 3.7 3.5 

Marginal Cost of Production 

(€c/kWh); CO2 price = 20 
4.1 3.8 3.6 4.7 4.5 4.3 

2008 Installed Capacity (MW)              67,643                 1,925                1,410                    900              22,788              35,932    
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An underlying assumption in analysing the short-term time horizon, is that the park 

composition remains static: existing capacities are assumed to be renewed at the end of their 

lifetime and any additional capacity requirements needed to respond to increasing demand 

replicate the investment trends of the past, using the average share of investment in each 

technology over the past 10 years.    

2.3 Overall permit market perspective 

It is in fact the overall permit supply-demand equilibrium of the EU ETS for the Phase, rather 

than each sector’s own equilibrium position, which should provide the abatement signal to all 

sectors covered by the market
40

. As such, it is interesting to analyse the relationship between 

the equilibrium situation at the overall EU ETS level and the dynamics at work at the level of 

the electricity sector. Does the emissions-price dynamic in the sector reflect the situation at 

the level of the overall market and, if not, why? To be able to estimate the equilibrium 

situation at the overall EU ETS level, an estimation/projection is made as to the aggregate 

level of emissions from non-electricity sectors for all years of the Phase (as explained in the 

previous chapter), which affects overall EU ETS permit demand. Moreover, an 

estimation/projection is made as to the procurement of certified emissions reductions (CERs) 

which impacts the overall supply of permits in the EU ETS. These variables too are subject to 

some level of uncertainty. Analysis of the impact of the assumption made for non-electricity 

sector emissions conducted is via scenario analysis, while that regarding the level of 

procurement of CER credits is done on a qualitative level.     

3 BASE CASE PARAMETERS AND DATA ASSUMPTIONS 

The emissions-price dynamic of the electricity sector is developed by deriving the sector’s 

production mix and emissions as a function of (anticipated) EUA prices, which are made to 

vary from 0 to 100 €/tCO2 in increments of 1 €/tCO2. (It is reminded that all exogenous 

carbon prices in the context of the modelling exercise refer to a constant-value (2008) carbon 

price, which differs from prices in other years simply by the risk-free interest rate (no 

consideration is given to cost-of-carry)). 

Scenarios are also developed to analyse the impact of various assumptions and factors on the 

emissions-permit price dynamics, and the implications as regards EU ETS policy objectives. 

                                                           
40

 Trading negates the relevance of individual sector positions from the point of view of compliance 
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As a precursor to this exercise, a base case must be established. The parameters and variables 

used in the base case set up of the model are shown in Table 4.  

In terms of the supply of EUA allowances to the market for Phase II, the base case integrates 

the provisions of the EU Member States’ National Allocation Plans (NAPs), which include: 

free allocations to covered installations, new entrants’ reserve, and permits for auctioning. 

The Phase II EUA supply also includes, as of 2012, the permits foreseen for the aviation 

sector (under free allocations, reserve and auctions).  As regards CER supply on the EU ETS 

market (which effectively increases the overall EU ETS Phase permit supply), in-house 

analyses conclude that the upper “technical” limit
41

 on CER procurement and use in the EU 

ETS Phase II will be the availability of CERs in the EU ETS rather than the institutional EU-

imposed limit. A CER “uptake” factor of 80% is applied, in accordance with Delbosc et al 

(2011), in order to take into account the fact that not all market actors are sufficiently aware 

or equipped to take full advantage of this flexibility mechanism: the uptake factor is the 

percentage of the total EU ETS-available CER likely to be actually acquired collectively by 

EU ETS actors, and is lower than the technical limit.  

In the base case scenario non-electricity sector emissions are estimated to remain stable at the 

2010 level, and the aviation sector is assumed to exert a demand on EU ETS permits of 30 

MtCO2/yr as of its entry into emissions trading in 2012. 

The electricity sector base demand (prior to price elasticity adjustment) in each region is 

assumed to grow at an average rate similar to that observed over the 2006-2008 period (based 

on data from Eurostat). Base prices for electricity in each region (prior to carbon price pass-

through) are the 2008 average electricity prices (taken from Eurostat) across all demand 

classes, and across all countries making up the region; prices are assumed constant in 2008 

terms, for all years in the Phase. Price elasticity of demand and carbon price pass-through rate 

are assumed at -0.2 and 0.7 respectively in the base case. 

The base situation reflects the current nuclear energy policy in Germany which, for Phase II, 

sees the withdrawal of 8 GW of nuclear energy capacity in 2011. 

                                                           
41

 The technical limit refers to the maximum upper limit on CER use in any given Phase, based on the EU ETS 
institutional maximum allowed amounts or on the projected CER availability in the EU ETS, whichever is the 
limiting factor. This is different from the “likely” maximum limit which takes into account the fact that not all 
market actors are sufficiently aware or equipped to take advantage of this flexibility mechanism, resulting in an 
uptake that is lower than the technical limit 
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Finally, the base case assumes fuel prices and emission factors in accordance with the 

literature, as outlined in the previous chapter. 

Table 4: Base case model parameters and exogenous variables  

Variable or parameter Value or range 

Nature (deterministic, 

varied in scenario analysis/ 

sensitivity analysis) 

EU ETS institutional framework   

EUA Phase cap (MtCO2) 10,677 MtCO2  Deterministic 

Use of Certified Emission 

Reductions (CERs) (MtCO2) 

Projected CER acquisition for the Phase: 

732 MtCO2
42

 
Deterministic 

Non-electricity sector   

Projected emissions of non-

electricity sector  (MtCO2) 

- 2010 emissions estimated at 950 MtCO2 

- 2011-12 emissions assumed stable at 

2010 level 

- Aviation sector emissions: assumed at 

30 MtCO2/yr from 2012 onwards 

Scenario analysis 

Electricity sector   

Annual electricity demand for each 

region of the EU27 power sector 

(MWh)  

Note: this relates to demand before 

price elasticity adjustment (from 

pass-through of carbon price) 

- Average annual growth rates for the 

period 2009-12
43

:  

0.59% for Continental Western & 

Northern Europe;  

0.88% for Eastern Europe;  

-0.41% for UK & Ireland;  

1.84% for the Iberian Peninsula 

Scenario and sensitivity 

analyses 

Regional load curve for 

conventional electricity 

Base-to-peak ratio: 0.6 (assumed 

homogenous across regions) 
Deterministic 

Nuclear energy policy 

- Early withdrawal of 8GW of German 

nuclear capacity subsequent to Fukushima 

nuclear accident 

Scenario analysis 

Baseline average electricity price 

(before carbon price pass-through) 

(2008 €c/kWh) 

- Average electricity price:  

11.9 €c/kWh for Continental Western & 

Northern Europe;  

10.1 €c/kWh for Eastern Europe;  

15 €c/kWh for UK & Ireland;  

11.1 €c/kWh for the Iberian Peninsula  

Deterministic 

Price elasticity of demand -0.2 Deterministic 

EUA price pass-through rate 0.7 Sensitivity analysis 

Fuel prices (Capros et al, 2010) projections Sensitivity analysis 

Fuel emission factors (tCO2/GJ) 

Coal: 94,300   

Gas: 56,000 

Oil: 78,000 

Deterministic 

 

  

                                                           
42

 CER availability is projected to be roughly 915 MtCO2 for the Phase (Delbosc et al, 2011). Applying an 80% 
uptake results in a figure of 732 MtCO2 
43

 This relates to demand before price elasticity adjustment (from pass-through of EUA price) 
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4 MODEL SCENARIOS 

As previously mentioned, a number of scenarios are constructed and analysed to study the 

impact of alternative assumptions. The variables and factors which are the subject of the 

scenario analyses are: electricity demand projection, projected emissions of the non-electricity 

sector, and the German nuclear energy policy situation (pre-/post- the Fukushima nuclear 

accident).  

The features of the alternative scenarios investigated are given in Table 5.  

The first scenario looks at the outcome of the model for the hypothetical situation where 

Germany maintains its pre-Fukushima nuclear policy. This is done so as to analyse the impact 

of the withdrawal of several GW of zero-emitting base load electricity generation capacity on 

the sector’s production and emissions profile. The second scenario considers the impact of a 

higher electricity demand on the emissions-price dynamics for Phase II. Here, a higher 

average short-term growth rate of electricity demand is assumed in each region for the years 

2009-12 compared to the base case short-term growth rate. It is reminded (cf. section 2.3.2) 

that electricity demand projections are based on extrapolating recent demand figures using an 

average annual growth rate, which is different depending on whether we are analysing the 

short- or long- term future. (It is also reminded that these growth rates reflect the base case 

electricity demand growth situation, before any adjustment is made in the model from via the 

demand-price elasticity resulting from pass-through of the EUA or carbon price to the 

electricity price). The increased growth rate employed is in fact the long-term growth rate 

integrated in the model; this growth rate is higher than the short-term growth rate, which 

reflects to a much greater extent the negative growth effects of the 2008 economic crisis. 

Finally, scenario 3 looks at the cumulated impact of higher electricity demand and higher 

non-electricity sector emissions. The electricity demand assumption is the same as that 

employed in scenario 2. For the non-electricity sector demand, we assume that non-electricity 

sector emissions for 2011-12 do not remain stable on average at the 2010 level, rather, that 

they increase year-on-year at a rate of 1%.  

Table 5: Model scenarios  

Scenario 
Electricity demand growth 

(%) 

Nuclear Phase-

out (Y/N) 

Growth rate in non-electricity 

sector vs. 2010 level (%) 

Base case (Base) 
For regions 1-4 respectively: 

0.59%; 0.88%; -0.41%; 1.84% 
Y 0% 

S1_NoNucWithdrawal As for (Base) N 0% 

S2_HiElecDemand For regions 1-4 respectively: Y 0% 
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0.88%; 0.94%; -0.20%; 3.05% 

S3_HiElecDemand 

_NonElecEmissGrowth 
As for (S2) Y 1% 

 

As mentioned before, for all scenarios, EUA prices are made to vary from 0 to 100 €/tCO2 in 

increments of 1 €/tCO2. 

5 RESULTS AND DISCUSSION 

The results and analyses are structured according to scenario. The first sub-section presents 

and discusses the results for the base case, in terms of: production technology mix of the EU 

ETS electricity sector as a whole; the emissions (abatement) profile as a function of EUA 

price; estimated overall EU ETS emissions; and EU ETS market position. The second sub-

section performs a regional analysis – region 1 specifically – to examine the impact of the 

German nuclear withdrawal decision on the production mix and emissions of this region 

compared to the situation that existed prior to this policy decision. The third sub-section looks 

at the impact at the EU27 level of higher electricity demand on the electricity sector’s 

production mix and emissions, and the impact on the sector’s emissions-price dynamic. 

Finally, the last sub-section looks at the impact at EU27 level of both higher electricity 

demand and higher non-electricity sector emissions on the EU ETS supply-demand outcome.  

5.1 Base case results 

The first impact of a carbon price is to increase the overall electricity price which alters the 

baseline electricity demand. Figure 13 shows, for a very simplified representation of the 

electricity price as a function of the carbon price (refer to the previous chapter), the electricity 

price trend for increasing EUA prices, at a CO2 cost pass-through rate of 70% (the price 

shown is the median price across all four regions of the model). As can be seen there is a 

progressive, almost linear, increase in the electricity price as EUA price increases. 
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Figure 13: Median EU27 electricity price as a function of EUA price 
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The impact on electricity demand, again according to the simplified representation used in the 

model, is shown in Figure 14. Here, we see that the electricity demand in 2012 decreases from 

approximately 3,463 TWh, where there is no carbon price, to approximately 3,286 TWh (a 

decrease of roughly 5%) at a price of 100 €/tCO2. This implies that, all things being equal, 

total electricity production and thus emissions in 2012 will be lower in the presence of a 

carbon price. We take a closer look at the impact of decreased demand on emissions further 

down in this section. 

Figure 15 shows for the year 2012, the outcome of the model in terms of technology shares in 

production, for the base case (the parameters of which are given in Table 4). The results 

integrate the combined effects of changes in electricity demand and in technology merit order 

in production, which result from varying EUA prices.  
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Figure 14: Change in 2012 electricity demand as a result of increased electricity prices resulting 

from carbon-price pass-through  
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The first effect of a carbon price (in moving from 0 €/tCO2 to 20 €/tCO2 as shown in the top 

of Figure 15) is the change in technology preference in favour of biomass-based production 

over coal production for base load demand: the share of coal production decreases from 

26.7% to 26.5%, compensated by biomass which moves from 3.9% to 4.2% in the production 

mix. This results from biomass-based steam thermal production becoming more cost-

competitive
44

 than coal production at a price of 11 €/tCO2; the former is, consequently, 

dispatched first, displacing part of the coal production that would normally be used for base 

load purposes. (The emissions reductions which occur below this initial switch price are due 

to the decrease in electricity demand resulting from higher carbon and thus electricity prices). 

The increase in biomass-based electricity production is however limited by the available 

biomass capacity in the park, hence the relatively small biomass-coal switch observed. More 

pronounced, however, is the marked shift in technology preference from coal (steam thermal) 

to natural gas (in combined cycle) as carbon prices increase. This is the common fuel 

switching effect expected: the two technologies have relatively similar marginal production 

costs and their relative competitiveness is more interchangeable than with other technologies; 

fuel prices play a major role, as can EUA prices. The most marked shift in technology shares 

is seen when going from 20 €/tCO2 to 40 €/tCO2 where the coal share in production decreases 

by 5% (with a reciprocal 5% increase in the share of natural-gas based production). The 

majority of gas-based production becomes more competitive than coal over this EUA price 

                                                           
44

 It is reminded that a production subsidy for biomass-generated electricity is also included in the model, as 
such the price of 11 €/tCO2 represents the additional EU ETS “subsidy” which enables biomass to become the 
most competitive in the merit order.   
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band. Only the most efficient coal plants are not displaced in base load production at these 

prices
45

, although it can be seen that some further displacement occurs at the higher EUA 

price of 80 €/tCO2. 

Figure 15: Technology mix in production in 2012 at various EUA prices 

EUA price = 0 €/tCO2 EUA price = 20 €/tCO2 
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Figure 16 – which shows the emissions abatement profile of the electricity sector, in 

accordance with the change in technology preference at various values of exogenous EUA 

prices – gives further insight to the dynamics at work. The figure shows two curves, the upper 

curve represents emissions reductions achieved in the base case as defined according to Table 

4. The base case, it is reminded, incorporates a progressively decreasing demand (or induced 

energy efficiency), as a result of the pass-through of carbon prices to electricity prices, which 

produces a downward demand reaction. The lower curve, which does not integrate any energy 

                                                           
45

 The fuel-switching from coal to gas is progressive with the most efficient gas plants displacing the least 
efficient coal plants in the base load technology preference, first (at lower EUA prices), followed by 
progressively less efficient gas plants displacing more efficient coal plants (at higher EUA prices). 
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efficiency, illustrates the extent of abatement achievable through solely electricity demand 

reduction. Electricity demand reduction (as in the base case) alone accounts for around 20 

MtCO2, at a price of 10 €/tCO2, where otherwise there would in fact be no abatement; and up 

to an additional 300 MtCO2 of reductions, at a price of 100 €/tCO2, where abatement would 

otherwise be around 800 MtCO2 – this represents an additional 40% of abatement. The effect 

of energy efficiency on emissions is thus far from negligible. It does not change in anyway 

the prices at which switching occurs (discussed in detailed in the following paragraphs) but 

changes the level of switching in each demand bracket. 

Focussing now on the base case situation (upper curve), the curve in the figure shows the 

reductions in emissions (y-axis) achieved for the period 2008-12, as a result of switching from 

higher- to lower- emitting technologies in the technology dispatch preference, as carbon 

prices increase (on the x-axis).  The emissions reductions are relative to the case where there 

would be no carbon price. The first notable “step” in the graph, 100 MtCO2 in emissions 

reductions at 11 €/ tCO2, corresponds to the partial displacement of coal in base load 

production by biomass-based production. A significant increase in emissions reduction (500 

MtCO2 for the Phase) is seen to occur over the 26-32 €/tCO2 carbon price range: rather than a 

strict step-change at a given price, emissions reductions progressively increase over the price 

band. This indicates the progressive replacement of coal, in base load generation, by gas, 

which is typically higher up in the merit order and used more at intermediate loads: the most 

efficient gas plants replace the least efficient coal plants first, followed by progressive 

substitution of higher efficiency coal by lower efficiency gas, at higher EUA prices. Beyond 

32 €/tCO2, the general progressive upward slope of the curve – the increase in emissions 

reductions – with increasing EUA prices results, not from technology substitution, but from 

the decrease in electricity demand which accompanies increasing carbon prices. However, 

there is also some further displacement of coal-based generation by natural gas (steam thermal 

and gas turbine) production, as well as by biomass-based gas turbine electricity production, as 

indicated by the staircase-like shape of the curve at prices above 67 €/ tCO2. 
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Figure 16: Electricity sector emissions reduction over Phase II – base case, exogenous EUA prices, 0 to 100 €/tCO2 
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Table 6: Emissions allowances supply demand balance for electricity sector and overall market 

EUA 

price 

EUA supply 2008-12 Emissions (from model) Market position┼ % of 

Supply Electricity* Non-elec*┼ Total Electricity Total
§
 Electricity Non-elec Total 

0 4 310 675 735 6 885 879 799 11 196 555 534 6 063 557 323 10 972 296 047 - 1 752 881 588 1 977 141 075 224 259 487    2% 

20 4 310 675 735 6 885 879 799 11 196 555 534 5 956 813 131 10 865 551 855 - 1 646 137 396 1 977 141 075 331 003 679    3% 

40 4 310 675 735 6 885 879 799 11 196 555 534 5 427 708 186 10 336 446 910 - 1 117 032 450 1 977 141 075 860 108 624    8% 

80 4 310 675 735 6 885 879 799 11 196 555 534 5 082 231 606 9 990 970 330 - 771 555 871 1 977 141 075 1 205 585 204    11% 

100 4 310 675 735 6 885 879 799 11 196 555 534 4 933 569 133   9 842 307 857    - 622 893 398    1 977 141 075 1 354 247 677    12% 

*in-house estimation 

┼does not include estimated demand from aviation sector  

§This includes exogenous emissions from the non-electricity sector of approximately 4.9 Gt CO2 
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The figure effectively depicts the short-term
46

 abatement curve for the electricity sector at 

various EUA prices, as a result of changes in technology preference. As EUA prices increase 

there is progressively more use of lower-emitting technologies compared to higher emitting 

ones (in the limit of their available capacities).  

Table 6 shows the implications of the electricity sector emissions-price dynamic on 

compliance, both at the level of the electricity sector as well as at overall EU ETS market 

level. As can be seen from the table, the electricity sector is, on the basis of initial allocation, 

short of allowances for Phase II, irrespective of the level of emission abatement that could 

reasonably be effected in light of current EUA prices. On the other hand, the overall EU ETS 

market is, on the basis of initial allowances and expected emissions, technically long. Even at 

a carbon market price of 0 €/tCO2 the number of allowances allocated for the Phase largely 

surpass expected emissions. The excess market supply is equal to between 2% and 12% of 

initial allowance allocation, for the range of prices tested; with current market prices it is 

likely that the excess supply in the market will be between 2% and 3% of initial supply.  

Estimates from other sources also corroborate this expectation of a long EU ETS Phase, as 

shown in Table 7. Although there is slight divergence in expectations of market emissions and 

use of CERs, the global conclusion from all three sources, of a net long Phase II, is the same. 

From the point of view of CER use, the assumption of the model is somewhat lower than the 

other sources quoted, and indeed much lower than the 915 MtCO2 of CERs projected to be 

available on the EU ETS market. This serves only to emphasize the potential extent to which 

the market will be long.    

Table 7: EU ETS Emissions (MtCO2) and market position estimates from various sources  

Source 
Phase II 

Emissions 

Aviation 

demand 

Phase II 

Supply 

Of which 

CERs 

Market 

Position 

Deutsche Bank (2011) 9 969 30 11 197 881 1 198 

Société Générale (2011) 10 218 30 11 197  949 

Zephyr Base Case (at 20 

€/tCO2) 10 866 30 11 197 732 301 

 

This over-supply of allowances is largely a reflection of the impact that the economic 

downturn has had on, in particular industrial, activity and emissions. Given this inherent 

excess of emissions permit in the market, we may be surprised that carbon emissions permits 

                                                           
46

 Short-term in the context of this model, which has a time horizon of 20 years, is taken to be 1 year to a few 
years 



Abatement and evolution in the European electric power sector in reaction to the EU ETS carbon price 

signal 

Doctoral thesis: Suzanne Shaw Page 115 

 

have any value at all (EUA futures market prices were around 15 €/tCO2 on average for 2010, 

currently around 10 €/tCO2; spot prices for the same periods were of the same order of 

magnitude).  In fact, the existence of a carbon price on the market indicates that actors do not 

in fact perceive an over-supply, which is easily explained by the fact that they can, and by all 

appearances intend to, carry over allowances to Phase III. The carryover of allowances 

(banking) effectively removes some of the Phase II market supply for use in Phase III. The 

propensity to bank indicates anticipation on the part of market actors of an increasing 

emissions’ constraint in the future. The long-term anticipation of the EU ETS market 

therefore has a role in maintaining EUA prices in the short term.  

Given this apparent long term anticipation of a market constraint, which has the effect of 

producing a value for carbon emission, it would be reasonable to suppose that the electricity 

sector does not simply rely on being able to buy excess permits in the market to fulfil its 

compliance obligation. Rather it effects abatement in accordance with the market’s long term 

vision, as reflected by average current prices.  

5.2 An analysis of the German nuclear withdrawal decision 

Less than 1 year ago only, the base case would have been slightly different. In June 2011, 

following the Fukushima nuclear accident, Germany withdrew eight of its oldest nuclear 

reactors from operation, representing a total of 8 GW of capacity. The model is used to 

analyse what the withdrawal of this 8 GW of nuclear capacity has meant for the emissions 

(abatement) profile and the emissions-price dynamics of the electricity sector for Phase II. 

It is clear from Figure 17 that the withdrawal of the 8 GW of nuclear capacity in Germany has 

had a marked impact on the technology mix in production: nuclear energy shares in 2012 

EU27 electricity production (see the two pie charts in the top part of Figure 17) fall from 28% 

(pre-Fukushima nuclear policy) to roughly 26% (post-Fukushima withdrawal of 8 GW 

nuclear capacity in Germany). The “lost” production is effectively made up for by increased 

generation from existing fossil-fired thermal power plants, namely coal (which goes from 

26% to roughly 26.5%) and natural gas (22% to 23%). This, for the simple reason that 

existing renewable energy capacity is already producing at maximum capacity, and any new 

investment made today in lower-emitting power production will not see the light of day 

before at least 3 years due to lead times for investment. The situation is even more 

pronounced at the regional level. Region 1, in which Germany falls, sees its nuclear 
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production fall from 35% to 32% (refer to the two pie charts in the lower part of Figure 17) 

with corresponding increases in natural gas and coal production: 20% to 23% and 18% to 

19% respectively.  

Figure 17: Technology mix in production in 2012 with & without German nuclear withdrawal   

Pre-June 2011 German policy  

 

Post-June 2011 German policy:  

Withdrawal of 8GW nuclear capacity 
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The change in relative shares of nuclear and other generation in overall production sees a 

corresponding increase in the sector’s emissions at both regional and EU27 levels. Figure 18 

shows the increased emissions at regional level (lower set of curves in the figure), as a 

consequence of Germany’s nuclear withdrawal decision: the lower (purple) curve shows the 

emissions situation prior to the withdrawal of the 8 GW of nuclear capacity and the higher 

(blue) curve, the current situation.  
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Figure 18: EU27 and regional-level Phase II emissions pre- and post- the June 2011 German 

nuclear withdrawal 
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The situation at regional level has a direct repercussion on emissions at the EU27 level (see 

the higher set of curves in the figure, where the regional level tendency is replicated). The 

making up of “lost” zero-emitting nuclear electricity production by increased coal and gas 

production is sufficient enough to produce a shift in emissions which is visible at EU level, of 

the order of 50 to 80 MtCO2. This is demonstrated again in Figure 19, where we see the 

electricity sector’s Phase II emission abatement curve is slightly lower than it would be, had 

Germany not decided to withdraw this 8 GW of nuclear capacity.  
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Figure 19: EU27 and regional-level Phase II emissions-price dynamic, pre- and post- the June 

2011 German nuclear withdrawal 
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5.3 Implications of higher electricity demand 

We turn our attention to the impact of electricity demand on the electricity sector’s production 

technology mix and emissions-price dynamic. We are once again in the base case where the 

German nuclear withdrawal decision is in effect, but where regional growth rates in electricity 

demand, between 2009 and 12 are higher (0.06% to 1.21% higher depending on the region – 

refer to Table 5).  

Figure 20 shows the electricity demand for the base case and the higher demand case, as well 

as the corresponding results of the model in terms of emissions-price dynamics. As can be 

expected, a higher emissions profile accompanies the higher demand. The production from 

intermittent renewable energy (zero-emissions) technologies does not change in the case of 

higher demand, since the production for these technologies is considered fatal and is already 

dispatched to the maximum possible extent in the lower demand case. Rather, a higher 

demand entails greater production from all other technologies; while this includes zero-

emitting technologies such as nuclear and biomass, the production most influenced is that 

from fossil-fuel fired production technologies. The consequence of this increased fossil-based 

production is an increase in emissions of the order of 50 MtCO2/yr for the year 2012 (which is 

the year in which the impact of higher annual electricity demand growth rates would be the 

greatest).  
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Figure 20: Comparison of EU27 emissions-price dynamic in electricity sector for different 

demand levels 
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In terms of what this means for actual technology shares in the sector’s production mix, the 

results are shown in Figure 21. At carbon prices below the coal-gas switch price (i.e. prices of 

0 and 20 €/t in the diagram), the base load technologies are primarily nuclear and coal-based 

technologies. The main impact of increased demand is to increase the absolute level of 

production from gas- and oil- based technologies in the intermediate and higher load ranges. 

The result in terms of technology mix, as regards the modelled dispatch technologies 

(renewable and CHP excluded therefore), is lower shares of coal- and nuclear- based 

production and higher relative shares of gas and oil.  At carbon prices above the coal-gas 

switch price (40 €/t), gas-based CCGT displaces less efficient coal-based technologies in the 

base load and in the lower intermediate load ranges. Here, increased demand leads to higher 

absolute levels and relative shares of production from coal- and oil- based technologies in 

intermediate and higher load ranges. As regards technology mix, the result is a lower share of 

nuclear- based production and higher relative shares of coal-, gas- and oil- based production. 

Figure 22 shows, demonstrates in absolute terms, the impact of higher electricity demand in 

increasing production from fossil-based generation (illustrated for the case of an EUA price of 

20 €/t).   
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Figure 21: Technology shares in production for the electricity sector at various EUA prices and for different demand scenarios  

EUA price = 0 €/tCO2 EUA price = 20 €/tCO2 EUA price = 40 €/tCO2 
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Figure 22: Impact of increased electricity demand in terms of absolute electricity production per 

technology (illustration at EUA price of 20 €/tCO2) 
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5.4 Implications of higher electricity demand and growth in non-electricity sector 
emissions  

Here, we look at the aggregate effect of a higher electricity demand combined with non-zero 

growth in non-electricity sector emissions, on EU ETS demand-supply balance, compared to 

the base case. This scenario thus assumes the same higher growth rate of the previous 

scenario, but also a 1%/year growth in non-electricity sector emissions from 2011 onwards. 

The results, shown in Table 8, indicate that while sectoral and overall emissions are higher in 

scenario 3 compared to the base case, by between 1 and 1.5%, little changes in the way of 

overall EU ETS market position. The market is still in supply excess: 1% to 11% depending 

on the EUA price (compared to 2% to 12% long in the base case). Higher than assumed 

growth in non-electricity sector emissions would therefore not be expected to significantly 

change the market outcome of supply excess, nor actors’ anticipations of a long Phase II.  
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Table 8: Comparison of emissions and EU ETS position – Base Case vs. Scenario 3 

EUA 

price 

Phase II Emissions Base Case Phase II Emissions Scenario 3 
Emissions difference: Scenario 3 

vs Base Case 
Market Position 

% excess 

supply  

(vs allocation) 
Electricity 

Non-

electricity 
Electricity 

Non-

electricity 
Electricity 

Non-

electricity 
Total Base case Scenario 3 

0 6 063 557 323    4 908 738 724    6 116 257 724    4 966 226 509    0.9% 1.2% 1.0%    224 259 487       114 071 302    1% 

20 5 956 813 131    4 908 738 724    6 013 812 954    4 966 226 509    1.0% 1.2% 1.1%    331 003 679       216 516 072    2% 

 40 5 427 708 186    4 908 738 724    5 500 478 229    4 966 226 509    1.3% 1.2% 1.3%    860 108 624       729 850 797    7% 

80 5 082 231 606    4 908 738 724    5 161 309 150    4 966 226 509    1.6% 1.2% 1.4% 1 205 585 204    1 069 019 876    10% 

100 4 933 569 133    4 908 738 724    5 009 429 220    4 966 226 509    1.5% 1.2% 1.4% 1 354 247 677    1 220 899 806    11% 
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5.5 Sensitivity Analysis 

As was shown in the previous chapter, electricity demand and fuel prices significantly impact 

the outcome of the model in terms of technology mix and overall emissions. Sensitivity 

analysis is used here again to investigate the relative importance of parameters, which impact 

these two variables, on the model’s outcome, namely as regards EU ETS electricity sector 

emissions and implications for overall market position. 

The parameters and variables investigated in the sensitivity analysis are indicated in Table 4. 

All tests are conducted at a fixed EUA price of 20 €/tCO2. 

The carbon-price pass-through rate impacts the electricity demand indirectly via the electricity 

price: carbon price pass-through will increase electricity prices thus decreasing electricity 

demand, and consequently emissions. As was seen from section 5.3, all else being equal, 

higher electricity demand implies higher production from fossil-based technologies, and 

consequently higher emissions. Conversely, decreasing electricity demand from higher EUA 

pass-through rates will mean lower emissions. Pass-through rates of 0% to 100% were tested, 

corresponding respectively to: no pass-through of the carbon price by electricity suppliers to 

consumers via the electricity price, and full pass-through of the carbon price to the electricity 

price. The pass-through rate of the base scenario is 70%. The observed change in electricity 

price and demand, and the consequent relative impact on Phase II emissions is shown in 

Figure 23 for various EUA pass-through rates. 

Figure 23: Relationship between EUA pass-through rate and electricity price, demand and 

emissions 
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If there were no pass-through of the carbon price, the electricity price would in general be 

2.2% lower compared to the base case pass-through rate of 70%, whereas if there is full-pass 

through the electricity price is roughly 1% higher than in the base case. The resulting change 

in the electricity demand is as much as 1% compared to the base case, at 0% pass-through; 

and -0.5% at a pass-through rate of 100%. In terms of Phase II emissions, this translates to 

Phase II emissions which are different from the base case by between 0.8%, and -0.4% 

respectively at 0% and 100% pass-through rates.  

Figure 24 shows the impact of EUA price pass-through in reducing emissions in the 

electricity sector, as a result of reducing electricity demand. As can be seen from the figure, 

the base case EUA price pass-through rate of 70% reduces electricity demand to the extent 

that emissions are 45 MtCO2 lower than if there were no EUA price pass-through. From 

Figure 16, the estimated total Phase II emissions reduction observed (incorporating the 

combined effects of carbon-price pass-through/demand reduction and technology 

switch/emission reduction) at 20 €/t is around 100 MtCO2. When one considers that almost 

half of this reduction (45 MtCO2) is due to the effect of the carbon price pass-through/demand 

reduction, the impact is clearly not insignificant.  

Figure 24: Reduction in Phase II emissions as a result of reduced electricity demand at various 

EUA-price pass-through rates 
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At a full EUA price pass-through rate (100%), the resulting reduction in electricity demand 

produces an additional decrease in emissions (compared to the case of zero price pass-

through) of around 65 MtCO2, as can be seen from Figure 24. Pass-through rates do therefore 

impact the abatement potential of the electricity sector, and, at lower EUA prices, can be 
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equally determinant in emissions reductions as technology switching. However, in terms of 

the absolute Phase II emissions supply-demand, the maximum possible impact of this 

parameter – a change 65 MtCO2 of emissions for Phase II – remains relatively insignificant, at 

less than 1% of the total permit supply.  

As seen from the previous chapter, relative gas/coal prices can play a role in the model 

outcome since coal to gas switching, and the accompanying emissions reductions, can be 

triggered by a change in relative fuel prices, irrespective of EUA prices. In looking at the 

impact of lower-than-projected gas prices (refer to Figure 25), it appears that within 10% of 

the projected values for gas prices, the results of the model are not affected. Should actual gas 

prices be lower than projected by more than 10%, however, the model results start to differ 

from that of the base case, with the effect becoming more pronounced from around 16% 

onwards: at 10% lower gas prices Phase II emissions are lower by less than 1%, at 15% lower 

gas prices Phase II emissions are lower by about 3% and at 20% lower gas prices Phase II 

emissions are lower by as much as 8%. A similar effect could be expected to be seen if coal 

prices were higher than projected, since it is relative rather than absolute coal-gas prices that 

count.  

Figure 25: Coal-substituted production & emissions reductions for Phase II – lower gas prices  
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Figure 26: Phase II emissions at lower gas prices compared to the base case  
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In terms of absolute emissions of the electricity sector for Phase II, from Figure 26 we see that 

with base case fuel prices, at an EUA price of 20 €/tCO2, emissions are of the order 5,960 

MtCO2 whilst at 10%/15%/20% lower gas prices, emissions are 5,940/5,800/5,500 MtCO2. 

This corresponds to approximate emissions reductions of respectively 20 MtCO2, 160 MtCO2, 

and 460 MtCO2. Comparing these figures to the estimated total Phase II emissions reduction 

of 100 MtCO2 at an EUA price of 20 €/t CO2 (Figure 16), for the base case, it is easy to realise 

the potential importance of the energy price variables: at 10% lower relative gas prices, at 20 

€/t CO2, Phase II emissions reductions are around 5% greater; at 15% they are more than 

double and at 20% they are five-fold. 

Finally, we turn to the electricity demand and the impact of the assumed annual growth rate 

for Phase II on the model’s results. Figure 27 shows Phase II emissions reductions to be 

relatively sensitive to changes in the projected electricity demand (growth rate): a 0.5% 

change in the projected annual electricity growth rate leads to a change of 1.5% in Phase II 

emissions, and a 1% change in growth rate leads to a 3% change in Phase II emissions. In 

absolute terms, this corresponds to a difference in total Phase II emissions of, respectively 90 

MtCO2 and 180 MtCO2 compared to the base case Phase II emissions (see Figure 28). 
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Figure 27: Sensitivity of Phase II sector emissions to changes in electricity demand  
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Once again, comparing the change in emissions reduction to the estimated total Phase II 

emissions reduction of 100 MtCO2 at an EUA price of 20 €/t CO2 (Figure 16), for the base 

case, the potential importance of the electricity demand evolution is evident: a 0.5% change in 

electricity demand (equivalent to +/- 90 MtCO2 in emissions reduction) could either double or 

completely negate the base case emissions reductions; and a 1% change in electricity demand 

(equivalent to +/- 180 MtCO2 in emissions reduction) could result in a tripling of the potential 

Phase II emission reduction (if the demand growth rate is lower by 1%), or reverse the 

emissions reduction potential resulting in an increase in Phase emissions (if the demand 

growth rate is higher by 1%).  
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Figure 28: Phase II emissions according to electricity demand growth rate assumption 
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In terms of the implications of model sensitivity for overall EU ETS market position in Phase 

II, we note that for the base case, at an EUA price of 20 €/tCO2, the market is long by 300 

MtCO2. For the sensitivity tests conducted for the range of CO2 pass-through rates and 

additional electricity demand growth rate, the maximum reduction in Phase II emissions 

abatement were respectively  55 MtCO2 and 180 MtCO2 (for gas prices, the impact would 

have been to increase emissions abatement).   

6 SUMMARY AND CONCLUSIONS TO CHAPTER IV 

This chapter has looked at the emission-price dynamics of the electricity sector in the short-

term period 2008-12, by applying the electricity sector module developed in the context of 

this thesis, and described in the previous chapters. The results show, firstly, that, at the level 

of the electricity sector, two main factors are at work in terms of emissions-price dynamics: 

the downward push on demand (and thus emissions) from the pass-through of EUA prices to 

electricity prices; and the change in technology preference (merit order) from coal-based to 

lower-emitting gas-based, but also biomass-based, technologies with increasing EUA prices. 

The most significant impact from technology-switching on the emissions-price dynamic is 

from coal-gas switching, which over a price bandwidth of less than 10 €/tCO2, produces 

approximately 500 MtCO2 in emissions reductions for Phase II. The results also show that, 

while the electricity sector is individually short in permits, on an overall EU ETS level the 

emissions permit market is long, to the extent that even if the electricity sector were not to 

account for any carbon costs in its production decisions (i.e. no carbon constraint/price), there 

would still be an excess in permit supply. This corroborates general market estimations of a 

long Phase II. However, it is also insightful as to the importance of long-term expectations in 
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decision-making in this system: an overall long EU ETS would dictate an EUA price of zero, 

and no incentive for emissions reduction. However, the fact is that carbon prices, although 

low, have not been zero for the Phase. The most likely explanation of the existence of a value 

for carbon emissions permits is that actors, guided by longer term anticipations and faced with 

imperfect information, are choosing to keep their carbon assets for future use (that is, they are 

choosing to bank). There are two main explanations for the propensity to bank, and maintain 

an option value: the emissions reduction objective for future years is stricter, and uncertainty 

as to the future costs of abatement could make actors reticent to let go of carbon assets now. 

The existence of a value for carbon also means that the electricity sector must in fact integrate 

carbon costs in its production decisions, and, as such, will achieve abatement for this Phase. 

Indications from the model results are that this abatement could easily be as much as 100 

MtCO2 at carbon prices around 10 €/tCO2 and most likely more, up to an additional 500 

MtCO2, since lower emitting gas-based technologies increase in competitiveness and merit 

order preference at around the 20 €/tCO2 mark. 

The short-term emissions-price dynamic of the electricity sector has clearly been impacted by 

the recent German decision to withdraw 8 GW of nuclear capacity from service. The situation 

has resulted in increased production from fossil-based capacity and a consequent downward 

shift in the short-term (Phase II) emissions abatement curve of between 50 and 80 MtCO2. 

The results of the sensitivity analyses show that changes in the baseline assumption on the 

rate of carbon price pass-through can impact the emissions abatement outcome of the model. 

However, the potential impact is relatively minor compared to other determinants, such as 

relative gas/coal prices and electricity demand, where there is much greater scope for outcome 

variation. 

While the dynamics at work in the shorter term indicate the potential for as much as 1 GtCO2 

(or 200 MtCO2/year if averaged over the entire Phase) of emissions reductions from 

technology switching and demand reduction as a result of higher EUA prices, the fact is, in 

the longer term, the EU ETS requires going beyond this level of effort – with high 

expectations from the power sector. At the same time, the abatement potential of the power 

sector at any point in time is limited by the existing technology configuration of the park, 

which de facto sets the upper and lower bounds on the emissions intensity of electricity 

production for meeting demand. Achieving higher levels of emissions reductions over the 

longer term will therefore require making changes in the power park; the electricity sector’s 

investment decision will thus be decisive in achieving EU ETS long term goals. 
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The next chapter looks at electricity sector investment decision-making in the context of EU 

ETS policy, and the impact of carbon prices in defining and changing the sector’s emissions 

(abatement) curve over time.  
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V. ANALYSIS OF EU ETS IMPACTS ON 

INVESTMENTS: AN OUTLOOK TO 2030 

1 INTRODUCTION 

1.1 An ageing European power park and a gateway for the EU ETS to mobilise 
evolution  

It is a well-known fact that a significant proportion of the European electric power park will 

come to the end of its economic lifetime in the next decade. According to (EWEA, 2009c), 

332 GW of new electricity capacity would be needed between 2009-20 to replace ageing 

power plants and meet the expected demand increase. At the same time, (Tzimas et al, 2009) 

estimate that 334 GW of the existing EU fossil fuel power park will be retired by 2030, and 

that 300 GW of additional capacity (compared to 2005 levels) is needed
47

 to respond to 

growing demand, implying a total new investment of 634 GW fossil-fuel equivalent capacity. 

This indicates significant potential for evolution considering that the current EU27 park 

capacity is around 780 GW.  

In 2008, the EU27 power park capacity was 57% fossil fuel-based, 18% nuclear, and 25% 

renewable and waste. Of the approximately 445 GW of operating fossil fuel capacity, coal 

and lignite account for 42%, combined cycle gas turbine plants 27%, and the remainder oil 

and gas steam-powered and gas turbine plants (see Figure 29).  With the significant level of 

new investment expected to be needed over the next couple of decades, not only may the 

relative shares of fossil versus non-fossil fuel capacity in the EU power park change 

drastically according to the technology mix of new investment, but also the relative shares of 

technologies within the fossil-based park itself. 

The technology mix of new investment depends on a number of factors, economic and 

political. Economic factors include technology costs, energy prices, and demand needs. 

Political factors generally act to influence the relative economics of certain technologies, 

ranging from the implementation of taxes on certain fuels, to the provision of feed-in tariffs 

for renewable energy to public financing of nuclear power. The implementation of the 

European Union Emissions Trading Scheme (EU ETS) adds another economic factor for 

consideration: the price of carbon emissions. Since the implementation of the EU ETS in 

                                                           
47

 This estimate refers to the result from the “business as usual” case, where fossil-fuel based generation 
capacity maintains its current share in power generation to 2030 
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2005, carbon dioxide emissions from power generation carry a price, and, as such, like any 

production cost enters as a decision variable in the investment decision. This is particularly 

the case for the electricity sector which has a relatively strict emissions reduction target and 

which, as of 2013, will not receive any emissions allowances free of charge (EC, 2009). 

Figure 29: EU27 fossil fuel power park capacity mix 
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It is not yet possible to evaluate the potential impact of the EU ETS for shaping electricity 

sector investment. Regardless of the fact that the EU ETS market has not to-date produced a 

robust signal
48

 upon which to formulate “carbon-inclusive” investment strategies based on 

sufficiently high carbon prices, implementation lead times mean that any EU ETS-influenced 

investment would only be starting to see the light of day now. However, with a significant 

share of the European fossil fuel power generation capacity coming to retirement age over the 

next couple of decades, the investment decisions made over the next few years can have a 

pivotal role in shifting the park composition towards lower emitting technologies. The ability 

of EU ETS carbon prices to influence the decision towards technology transition is crucial if 

the EU ETS is to have meaning as an effective instrument for climate change mitigation and 

fulfil a major role in effecting the targeted 2030 reductions in the power sector
49

.  

                                                           
48

 The first Phase of the EU ETS – a trial period – was one in which there existed a significant degree of 
uncertainty as to the future EU ETS rules, targets and their attainability, and, logically, did not produce stable 
nor “game-changing” carbon prices. The start of the second Phase also saw a certain degree of uncertainty as 
to future targets, and the economic down-turn which Europe has been experiencing since 2008 has meant 
relatively low carbon prices on the EU ETS permit market. 
49

 The European Commission (EC, 2011) envisages emissions reductions in the power sector of the order of 
54%-68% by 2030, compared to 1990 levels 
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Energy-economic models have been used to determine the technology mix of new investment, 

under specified economic conditions (economic growth, energy prices), some taking into 

account the impact of carbon prices. The periodic study commissioned by the European 

Commission – which includes (Capros et al, 2008) and (Capros et al, 2010) – presents the 

results of modelling, amongst others, the evolution of the European Union power sector to 

2030 under what is referred to as a “baseline” scenario. The updated 2009 version (Capros et 

al, 2010) of the 2007 study (Capros et al, 2008), shows the changes in the projected power 

generation mix owing, not least, to the economic crisis but also to the effects of EU ETS 

carbon prices. The 2010 findings project a significant decrease in coal/lignite-based electricity 

generation as a result of the EU ETS: 22.2% of total electricity generation in 2030 (under the 

baseline scenario) compared to 31.2% in the 2008 study; this, despite significant penetration 

of CCS in the new scenario. In addition, compared to the projections of the 2008 study, 

prospects for penetration of natural gas-based generation in 2030 are much lower for the 2010 

study, and nuclear energy shares higher, due to EU ETS carbon-price driven nuclear 

investment, the revival of nuclear in the UK, and previously foreseen new nuclear investment 

in Italy
50

 and Poland. According to the study, EU ETS carbon prices also drive investment in 

carbon capture and storage (CCS) plants.  

While the aforementioned work has taken into account carbon prices in determination of 

electricity sector technology investment and energy pathways, the role of EU ETS carbon 

prices in actually transforming investment pathways, and indeed the effectiveness of the EU 

ETS as a climate change mitigation instrument in this respect, have not been evaluated.  

The objectives of this chapter are to analyse the potential impact and role of EU ETS carbon 

prices on electricity sector technology investment, long term emissions, and consequent 

implications for achieving EU ETS emission reduction targets. This chapter also considers the 

implications of policies aimed at renewable energy promotion and their overlapping, or 

“assistance”, in the frame of EU ETS reduction objectives and asks the question, how 

attainable are the EU ETS objectives if renewable energy objectives fall short? To what extent 

can the EU ETS by itself provide a sufficient incentive to move towards investment in lower-

emitting power technology? Finally, this chapter examines the implications of uncertainty 

regarding future carbon prices on the cost and emissions associated with investment strategies 

based on (an) anticipated EUA price(s) which differ(s) from the “real” long term market price.  

                                                           
50

 Italy has since (following the Fukushima nuclear accident) decided to abandon previous plans to develop 
nuclear energy production  
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The structure of the rest of this paper is as follows: Section 2 describes the approach used in 

modelling EU ETS influenced electricity sector investment, and describes the technologies 

available for consideration and the basis for their inclusion (or not) the modelling exercise; 

Section 3 outlines the set up of the model and the scenarios investigated for the analyses; 

Section 5 presents and discusses the results of the model; and Section 6 summarizes and 

concludes.  

2 MODELLING APPROACH  

2.1 Review of approach for modelling the investment decision 

As described in the previous chapter III, the need for additional power capacity (new 

investment) is that which is required to meet the gap in production capability, resulting from: 

a) retirement of capacity at end-of-life; and b) projected (permanent) increases in electricity 

demand, in accordance with expected economic growth. In the model, the investment capacity 

requirement is evaluated on an annual basis, for each region of the EU27 electricity market, 

and for each range/demand type (whether base load, intermediate load or peak load).  

The model’s investment module effects its decisions by choosing, from amongst a number of 

feasible potential technology alternatives, the technology mix which is most profitable or least 

cost
51

 for a given region, given the region’s capacity requirements for each demand type. The 

basis for comparison of alternatives is technologies’ levelised cost of electricity production, 

consistent with the methodology typically employed for this type of analysis (see for example, 

(IEA, 2010a), (EIA, 2011)), with carbon emission costs (ensuing from an EU ETS permit 

(EUA) price) included as part of the total cost. Consistent with the levelised cost approach, 

which discounts all cash flows to a given year of reference (in this case 2008), carbon 

emissions costs are the product of the emissions intensity of the technology (tCO2/kWh) and 

the 2008 constant-value EUA permit price, which is the exogenous price used in the model. 

Thus, as explained in previous sections, all exogenous carbon prices referred to in the context 

of the modelling exercise refer to a constant-value (2008) carbon price, which differs from 

prices in other years simply by the discount factor which does not integrate any risk-

consideration; it represents simply the time-value of money and preference for the present. 

                                                           
51

 Since electricity prices are fixed by the market, the investment decision can be essentially reduced to one of 
least-cost 



Abatement and evolution in the European electric power sector in reaction to the EU ETS carbon price 

signal 

Doctoral thesis: Suzanne Shaw Page 136 

For ease of reference, the way in which the EUA price would evolve at the chosen (5%) 

discount rate over time is shown in Table 9. The rate of 5% is chosen as a representative value 

within the range of values commonly used in long-term planning (for example (IEA, 2010a)). 

Table 9: Illustration of the value of 2008 constant-value EUA prices in future years at a 5% 

discount rate 

EUA price in year (€/tCO2) 

2008 2010 2020 2030 

10 11 20 58 

20 22 40 116 

40 44 79 232 

80 88 158 463 

100 110 198 579 

 

It is assumed that this carbon price is known, or anticipated, in advance. 

The modelling approach assumes certainty of production costs and stability of electricity 

prices, that is the discount rate used is a risk-free rate. No consideration is given to financing 

costs, decommissioning costs, nor to available incentives such as tax credits, feed-in tariffs or 

other subsidies. This is not to say that these factors do not have bearing on the investment 

decision; on the contrary, national incentives and fiscal measures in particular can 

significantly influence the investment decision – this issue is treated in the next section.  

Finally, an important simplification in this modelling exercise is the assumption of no 

constraint on financing of new capacity investment.  

2.2 National technology-specific policies’ impact on new investment 

The investment decision modelled in this work is focussed on evaluating, for a set of 

technologies subject to similar economic and financial conditions, the influence of the EU 

ETS carbon price in changing relative technology economics. Renewable energy and nuclear 

energy technologies are not by default included in the least-cost modelling exercise (as 

indicated in section 2.4). Although there exist country-level data on renewable energy and 

nuclear capacities, their economics are very different from the other technologies of the 

model. Namely, their economics are significantly influenced by national policy; to include 

them, would require detailed analysis of national (renewable) energy policies and the range of 

ensuing economic and fiscal incentives (tax breaks, subsidies, feed-in tariffs) applicable to 

each and all of the renewable or nuclear technologies of the analysis, in each of the 27 EU 

Member States (and in some cases, the regions comprising them). This would mean a 

significantly greater level of detail in modelling than is feasible in the scope of this work. 



Abatement and evolution in the European electric power sector in reaction to the EU ETS carbon price 

signal 

Doctoral thesis: Suzanne Shaw Page 137 

Moreover, new investment in renewable energy capacity is also more affected than other 

“conventional” technologies by non-economic related barriers, such as planning regulations. 

As such, they are less adapted than conventional technologies to the schema of classic cost-

benefit analysis. As such, new investment in renewable energy technology is treated 

differently. In the case of inherently intermittent renewable energy technologies (eg. wind, 

PV, hydro) and nuclear, new capacity investment is entered exogenously into the model 

according to projections. In the case of non-intermittent renewable energy technologies, 

namely biomass- and biogas- based technologies, which are included in the least-cost 

investment modelling, an average production subsidy is assumed to apply in each of the 

regions modelled.  

2.3 Time horizon of analysis and interpretation of time of investment 

The analysis of the investment decision is conducted for a time horizon of 2008-30, which 

spans Phases two and three of the EU ETS (respectively 2008-12 and 2013-2020), as well as 

the 10-year period 2021-30, which could be seen as a hypothetical Phase four
52

.  

Technically, there are two perspectives for consideration in terms of time steps and 

investment in the model: the time at which a given investment decision is made, and the time 

at which the investment decision is fully implemented, the two differ by the lead times for 

implementation of the technologies which constitute the investment portfolio at a given time. 

Given the assumption of perfect foresight, where all costs and parameters are known 

beforehand, we do not need to consider the year at which the decision is actually taken, we 

can simply assume that when it is optimal to have a given capacity of a certain technology 

implemented by a given year, the investment decision would have been taken at a time 

jt leadTime prior, as all information which would have been needed to take the decision at 

that time would have been known. The perspective of the current analysis is the investment 

which is actually implemented (commissioned) annually and cumulatively at any given year 

in the time horizon, and in particular at the end of the time horizon. Thus, for the modelling 

analysis, an investment result for a given year represents the capacity which is actually 

commissioned or implemented in that year (based on an investment decision made prior to 

that by the appropriate lead time).  

                                                           
52

 Although EU ETS emission reduction targets are currently defined only to 2020, the annual reduction of 
1.74% applied during Phase 3 is slated to continue beyond 2020, subject to revision no later than 2025 
(http://ec.europa.eu/clima/policies/ets/cap_en.htm 

http://ec.europa.eu/clima/policies/ets/cap_en.htm
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It should be noted that a time horizon of 2008-2030 means that 2030 is the last year for which 

the investment decision is made, in the context of this analysis. As the basis for making the 

investment decision is levelised cost of production, considering the entire lifetime of the 

plant, the horizon of the levelised cost evaluation necessarily goes beyond the year 2030. 

Thus the limit of 2030 refers only to the last date at which various investment choices are 

weighed against each other, over their entire lifetime, not that only cash flows up to this date 

are considered.  

2.4 Technologies modelled in the investment decision 

In Zephyr’s electricity sector module, EU ETS power generation installations are categorised 

according to thirty technology categories (refer to previous chapter III).  All technologies are 

known today, however, they are not necessarily at the same stage of maturity and some are 

not yet commercially available.  

The 30 technology categories are defined on the basis of: a) the prime mover or conversion 

technology and, b) the primary fuel or energy resource used, and include technologies based 

on: steam turbines, combustion (gas) turbines, hydro turbines, wind turbines and 

photovoltaics as prime movers/conversion technologies; and coal, gas, oil, nuclear energy, 

biomass, water, wind, and sun, as fuels or energy resources. All installations grouped within a 

particular technology category are assumed to have identical techno-economic attributes such 

as fixed- and variable- costs, fuel type, efficiency, availability, and lifetime. 

Not all 30 technologies are modelled as part of the investment decision (for further details on 

technologies’ technical characteristics and the rationale behind the selection of technologies 

modelled in the investment decision, refer to Annex A in this chapter). 

The investment decision consists of choosing between different technologies for meeting a 

given demand bracket. The relevant set of technologies to choose from depends on the load 

type for which new investment capacity is required. For base load the following technologies 

are included for the investment decision modelling: steam turbines with coal or biomass; 

combined cycle gas turbines (CCGT) using natural gas; and, from 2021 onwards, new CCS-

type coal steam turbines, and new CCS-type CCGT. For intermediate load the following 

technologies are considered: combined cycle gas turbines (CCGT) using natural gas, and new 

CCS-type CCGT (from 2021 onwards). For peak load, the following technologies: gas 

turbines with natural gas, biomass-fuels (biogas/bio-liquids), or oil. 
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In terms of investment in CCS-retrofit equipment for steam turbines with coal or in 

conjunction with natural gas-based technologies, the retrofit decision is made by comparing 

the cost of emissions that would be abated from investment in retrofit technology with the 

exogenous EUA price. If the former is lower than the EUA price, then retrofit is effected in 

for eligible retrofit capacity, otherwise no retrofitting is done. 

The projections made regarding (exogenous) new capacity additions for renewable energy 

technologies are shown in Table 17 in Annex A). 

2.5 Techno-economic assumptions and data used in the model 

As mentioned in section 2.4, all technologies in the model are known; it is therefore assumed 

that no alternative technology will emerge and cause market rupture in the time horizon 

studied. All technologies modelled in the investment decision are projected to improve in 

terms of unit cost and efficiency. Underlying this is the assumption that the necessary level of 

research, demonstration and development occurs, and, in the case of the modelled renewable 

energy technologies, that supportive policies (continue to) foster their deployment in line with 

projections. 

Initial (2008) installed capacities for conventional power generation technologies are based on 

the Platts World Electric Power Plants (WEPP) Europe database, supplemented with data 

from (Beurskens & Hekkenberg, 2011) for the renewable energy technologies of the model.  

In terms of unit costs, the modelling assumes reductions in capital costs due to the experience 

curve or learning curve effect (see Box 3 in Annex). The learning curve effect differs by 

technology, according to their current level of maturity: newer technologies have steeper 

learning curves (higher learning rates = more rapid cost reductions) than more mature ones. 

Cost reduction from learning is considered only for the (overnight) capital costs of each 

technology, and is applied to the technology as a whole, with the exception of CCS 

technology where different reduction rates are applied to the CCS component versus the 

electricity generation component.  

For mature technologies, learning is taken into account by applying a fixed (exogenous) 

annual percentage reduction to the year-2008 investment cost. The annual reduction is in line 

with the assumptions of (ECF, 2010). For CCS technologies, in which cost reductions apply 

to specific components of the technology, an annual percentage cost reduction is deduced 

from (ECF, 2010) on the basis of their estimations for (evolution in) capital costs for 2010, 

2030 and 2050. 
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In terms of efficiencies, starting efficiencies are based on information compiled in (IEA, 

2010a), and those collected in (NREL, 2010). Efficiency improvements are assumed to take 

place in line with the projections in (ECF, 2010) for coal, CCGT and CCS technologies. For 

the other technologies, efficiency improvements are based on own assumptions.   

The parameters used to describe the park as a whole, e.g. technology availability and energy 

conversion efficiency, are re-averaged for each region in the model with each year of new 

capacity investment. This is done so as to take into account the increased availability and 

efficiency of newly invested capacity, which will increase the average availability and 

efficiency of the technologies and capacities in the park. 

Table 10 shows the values for variable and levelised electricity production costs (at 5% 

discount rate) for the technologies modelled as part of the investment decision, as well as the 

techno-economic parameters used in the model for determination of the investment decision.  
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Table 10: Techno-economic parameters used in the model for the analysed technologies – reference year 2008 

Sources: (IEA, 2010a); (ECF, 2010); (McKinsey, 2008); (NREL, 2010) 

Technology ST_COAL CCGT_NG GT_NG GT_OIL GT_BIO ST_BIO COAL_CCS GAS_CCS 

Investment Cost (€/kW) 1455 728 354 354 354 2425 3104 1552 

Annual Investment Cost Reduction 0.5% 0.5% 0.5% 0.5% 1% 1% 1% 1% 

Fixed O&M Cost (€/kW) 19 13 13 17 14 14 78 44 

Variable O&M Cost (€c/kWh)* 0.10 0.10 0.10 0.10 0.87 0.87 0.29 0.19 

Production subsidy (€c/kWh)** - - - - 3.0 3.0 - - 

Lifetime (years) 40 30 25 25 25 35 40 30 

Conversion Efficiency 2010 (%) 45% 58% 44% 44% 43% 43% 36% 46% 

Conversion Efficiency 2030 (%) 48% 59% 46% 46% 45% 45% 38% 47% 

Investment risk premium**       1% 1% 

2008 levelised cost of electricity (€c/kWh) 

CO2 price = 0; Base load operation; 

5% discount rate*** 

9.1 10.8 12.4 17.6 14.2 10.2 12.9 15.1 

2030 levelised cost of electricity (€c/kWh) 

CO2 price = 0; Base load operation; 

5% discount rate*** 

9.0 12.8 14.3 19.3 13.5 9.6 12.5 17.7 

* For CCS technologies, includes costs related to transport and storage of CO2 based on (ECF, 2010) 

** Own estimation/assumption 

*** Calculated value 
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3 MODEL SET UP AND SCENARIOS 

We are interested in looking at the impact of CO2 price as an instrument for influencing 

technology choices for investment by the electricity sector, and the outcome of this in terms 

of market emissions and attainment of emissions reductions targets to the end of 2030. 

Moreover, we analyse the impact of renewable energy policy, and the enhanced renewable 

energy-based capacity investment it engenders, on the sector’s emissions reductions and the 

achievement of EU reduction targets, by considering a scenario where renewable energy 

capacity additions are lower than projected based on Beurskens et al (2011).  We also 

examine the cost and emissions implications of an investment strategy based on given 

anticipated carbon price, when the realised carbon market price differs significantly from that 

anticipated at the time of investment.  

The model functions as follows (refer to chapter III for details on the technical specification 

of the model): 

1. The model is fed with an exogenous EUA permit price (2008 constant-value CO2 

price), which is the electricity sector’s constant-value anticipated permit price for the 

investment period under investigation 

2. Based on the electricity demand, the permit price, and other relevant technology costs, 

the model determines, for each year (time step) of the model horizon: 

a. The optimal (least-cost) technology mix for new capacity investment in light 

of evolving demand and retirement of old capacity, and pre-determined 

investment in renewable and nuclear energy capacity 

b. The optimal (least-cost) technology mix for production, contingent on the park 

capacities and technologies in place (which change in accordance with park 

investment over time) 

c. Annual electricity sector emissions, calculated directly from the derived 

optimal technology mix in production  

Steps 1 and 2 above are repeated for various exogenous permit prices and the results in terms 

of technology mix, emissions, and costs compared.  

As such, the model determines: 
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1. The evolution in demand (Section 4.1) and the overall new required capacity 

investment, at EU level consistent with meeting this demand   

2. The technologies which emerge under a long-term investment EUA-price inclusive 

investment strategy, that is, technology mix of new investment capacity at EU level 

(Section 4.2.1) 

3. The regions which impact most significantly the investment outcome at EU level and 

the regional conditions in place which are determinant in this (Section 4.2.2)  

4. Technology mix in the overall park (Section 4.2.3) and technology mix in production 

for meeting demand (Section 4.3) 

5. The EU ETS electricity sector’s emissions (Section 4.3) for various anticipated EUA 

prices, and potential for achieving EU emissions reduction targets. This is also done 

for a scenario where renewable energy capacity additions are lower than projected 

(Section 4.4)  

The model is also used (Section 4.5) to analyse the cost of “making a mistake” i.e. costs for 

the sector, in developing an investment strategy in line with an erroneous carbon price 

anticipation. This is done by analysing the total cost of producing electricity to meet demand 

in 2030, for various (2008 constant-value) EUA prices, using a park configuration resulting 

out of least-cost investment based on a particular EUA price. For instance, analysing the cost 

of producing electricity in 2030, for EUA prices of 0, 20, 40 and 80 2008’€/tCO2, with a park 

which has been invested in (over the period 2008-30) based on an EUA price anticipation of 

10 2008’€/ tCO2. 

The model’s base case parameters and data sources (where relevant) are outlined in Table 11 

Table 11: Model parameters for the base case analysis 

Economic parameters Value Sources 

Short-run electricity price elasticity of demand -0.2 
(Bohi, 1981), (Dahl, 1993), and 

(Lafferty et al., 2001) 

Long-run electricity price elasticity of demand -0.7 
(Bohi, 1981), (Dahl, 1993), and 

(Lafferty et al., 2001) 

CO2 cost pass-through rate 0.7 Own assumption 

Risk premium for investment in CCS 1% Own assumption 

 

Regional Demand Characteristics Region 1 Region 2 Region 3 Region 4 

Long-term electricity demand growth rate (%) 0.9% 0.9% -0.2% 3.0% 

Electricity price (€c/kWh) 11.9 10.1 15.0 11.1 
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4 RESULTS  

4.1 Impact of carbon price on electricity demand 

The model was run for (2008 constant-value) carbon prices in the range of 0 to 100 €/tCO2. 

Figure 30 shows the EU27 electricity demand trend that results at various levels of EUA price 

(assuming a 70% CO2 cost pass-through rate). Electricity demand in 2030 in the absence of a 

price for carbon is around 4,250 TWh. With increasing EUA prices, electricity prices 

increase, pushing demand downwards. For instance, an EUA price of 20 €/ton results in an 

increase in electricity price of around 1.5 €c/kWh, which pushes 2030 demand down to 4,100 

TWh, and at an EUA price of 40 €/ton electricity prices increase by around 3.2 €c/kWh, 

causing the demand to shift to 3,950 TWh.  

Figure 30: Electricity demand evolution according to EUA price 
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All things being equal therefore, the presence of a carbon price would result in lower 

emissions simply by its influence in decreasing electricity demand, as was already 

demonstrated in chapter 3. 

4.2 Expected capacity retirement and new capacity investment 

Estimations from the model indicate that around 77 GW of the existing (2008) EU27 power 

park will reach the end of their economic lifetime in 2020. If we take into consideration 

Germany’s plan to decommission roughly 13 GW
53

 of nuclear capacity before their normal 

economic lifetime (beyond 2030), then the equivalent of this cumulative 90 GW of plant 

capacity is needed to compensate for plant retirement alone by 2020.  

                                                           
53

 Germany has already taken out of service 8 GW of the oldest nuclear capacity in their territory. 7GW of this 
capacity was slated for retirement prior to 2030 in any case, under the previous (pre-Fukushima) legislation. 
However, an additional 13 GW of nuclear capacity which would normally not have been retired before 2030 
will, with the new (post-Fukushima) legislation, be taken out of service before 2030. 
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4.2.1 Overall investment at EU27 level 

According to data and projections from the model the cumulative additional investment in 

renewable energy capacities for the time horizon 2008-30 are: 30 GW hydro-electric capacity, 

200 GW PV capacity, and 340 GW wind energy capacity (on- and off- shore combined). 

Furthermore, electricity produced from new CHP capacity (projected to be a cumulative 20 

GW in 2030) will also contribute to the electricity production mix. (These figures represent 

new capacity additions and do not take into account capacity reductions which occur from 

retirement of fully depreciated plants). 

The remaining investment required by other technologies – to make up for the retired capacity 

as well as meet demand needs – is obtained by running the electricity sector investment 

module to obtain the least-cost technology mix for investment. By doing this for various 

levels of EUA price (evaluated at 2008 constant-value), we can observe the extent to which 

the carbon price acts as a driver for low-emission technology investment. Figure 31 shows the 

cumulative investment required at EU27 level for technologies modelled in the investment 

decision.  

Figure 31: Cumulative investment per technology for the period 2008-30 as a function of carbon 

price (only for technologies modelled in the investment decision) 
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The effect of higher EUA prices and thus decreased electricity demand on required 

investment capacity is easily seen, as total cumulative invested capacity for the period 

decreases from around 340 GW in the absence of a price for carbon, to around 300GW at an 
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EUA price of 40 €/tCO2 , and 250 GW at an EUA price of 100 €/tCO2
54

. (It is reminded that 

all EUA prices quoted represent the 2008 constant-value price, thus prices with other 

reference (future) years would be the future-value price incorporating the interest rate, 

assuming zero cost-of-carry). 

The explanation of the relative capacity investments of various technologies depends on their 

relative costs but also on the type of load for which new capacity is required i.e. the 

associated demand type (base load, intermediate load or peak load). This is because a) 

levelised cost is a function of usage or load factor, and b) more new capacity may be required 

for some types of loads compared to others.  

In the first instance EUA price impacts the levelised costs of electricity production from the 

various technologies, in accordance with their unit emissions. Table 12, Table 13, and Table 

14 show, for base load, intermediate load and peak load usage respectively, the ranking of the 

various technologies – in terms of their levelised production costs – as a function of EUA 

prices. (As mentioned in chapter 2 not all technologies are considered for investment for each 

type of load, since operating characteristics determine the load type(s) for which they are 

feasible). Ranking is shown for current (2008) and future (2030) technology costs, since 

technology costs decrease over time, to varying degrees according to the technology, and this 

can impact the relative production costs. As can be seen from Table 12, the preferred 

technology for base load usage/demand for EUA prices ranging from 0-30 €/tCO2 is coal, in 

the near term, followed by biomass-based generation
55

, then CCGT. Above 30 €/tCO2 the 

technology preference for shifts to biomass based electricity generation with coal ranked 2
nd

 

up to an EUA price of 50 €/tCO2, after which CCGT replaces coal as the 2
nd

 cheapest 

technology for base load electricity generation. For the 2030 time horizon, coal remains the 

least-cost base load technology for EUA prices 0-20 €/tCO2, followed by biomass and CCGT 

as before. Above 20 €/tCO2 the top-place ranking is, as for the 2008 case, shifted in favour of 

biomass with coal 2
nd

. The major change in 2030 at EUA prices above 20 €/tCO2 is the 

displacement of CCGT in the top 3 technologies by coal-based CCS, which (in line with 

projections in the literature), is commercially available on the market as of 2020. Above 20 

€/tCO2, coal-based CCS is the 3
rd

 least-cost technology; it becomes more attractive than non-

                                                           
54

 While the total invested capacity will also depend on the technologies invested in – since they have different 
energy conversion efficiencies – which depends on the EUA price, the dominant factor in the overall capacity 
requirement is the level of electricity demand. 
55

 It is reminded that biomass-based generation in the model is considered to benefit from a renewable energy 
production subsidy. The EUA price therefore acts on top of this production subsidy 
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CCS coal technology at an EUA price of 80 €/ tCO2 upwards.   

Table 12: Merit order of base load technologies with EUA price, for various time horizons 

ST_BIO ST_COAL CCGT ST_BIO ST_COAL CCGT CCS_COAL CCS_GAS

0 3 1 2 2 1 3 4 5

10 2 1 3 2 1 3 4 5

20 2 1 3 2 1 4 3 5

30 2 1 3 1 2 4 3 5

40 1 2 3 1 2 4 3 5

50 1 2 3 1 2 4 3 5

60 1 3 2 1 2 4 3 5

70 1 3 2 1 2 4 3 5

80 1 3 2 1 3 4 2 5

90 1 3 2 1 3 4 2 5

100 1 3 2 1 3 4 2 5

2008 2030
EUA price

 
Note: CCS technologies only come onto the market after 2020 and are therefore not feasible 

technology options for 2008 

Table 13 shows the technology rankings for intermediate load usage. Here, the range of 

technologies as feasible options is limited to CCGT and, from 2021 onwards, natural gas-

based CCS technology. CCGT is the lower-cost technology for the entire time horizon of 

analysis, irrespective of the EUA price (for the range of 0-100 €/tCO2). This is not surprising 

since CCGT is a relatively efficient technology (55% and above) and therefore has relatively 

low per unit emissions. The high cost of CCS equipment is therefore spread over a much 

lower level of emissions reduction than for example with coal-based technology.  

Table 13: Merit order of intermediate load technologies as a function of EUA price, at various 

time horizons 

2008

CCGT CCGT CCS_GAS

0 1 1 2

10 1 1 2

20 1 1 2

30 1 1 2

40 1 1 2

50 1 1 2

60 1 1 2

70 1 1 2

80 1 1 2

90 1 1 2

100 1 1 2

2030
EUA price

 
Note: CCS technologies only come onto the market after 2020 and are therefore not feasible 

technology options for 2008 
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For peak load needs, the order of preference of eligible technologies is shown in Table 14. In 

the near term, natural gas fired gas turbine technology is the least-cost technology option for 

investment for EUA prices from 0 €/tCO2, to as high as 80 €/tCO2; above this EUA price 

biofuel-fired gas turbines become more attractive as an investment option, bearing in mind 

that part of its fuel costs are offset by renewable energy production subsidies assumed to be in 

effect. Oil-based gas turbine technology is relatively unattractive as an investment option, its 

high costs due to lifetime fuel costs. For the 2030 time horizon, the relative merit order of the 

three technologies does not change except that the switch from gas-based to biofuel-based 

generation at 1
st
 place in the merit order occurs at a lower EUA price of around 40 €/tCO2. 

Table 14: Merit order of peak load technologies as a function of EUA price, at various time 

horizons 

GT_OIL GT_GAS GT_BIO GT_OIL GT_GAS GT_BIO

0 3 1 2 3 1 2

10 3 1 2 3 1 2

20 3 1 2 3 1 2

30 3 1 2 3 1 2

40 3 1 2 3 2 1

50 3 1 2 3 2 1

60 3 1 2 3 2 1

70 3 1 2 3 2 1

80 3 1 2 3 2 1

90 3 2 1 3 2 1

100 3 2 1 3 2 1

2008 2030
EUA price

 

From technology levelised costs and resulting investment merit order it is clear that the 

preferred technologies for investment would be coal and biomass for base load, CCGT for 

intermediate load and gas and biomass-based gas turbines for peak load. The extent to which 

these preferences translate into actual invested capacity depends, as mentioned before, on the 

new investment capacity requirement for each type of load. Figure 32 shows the cumulative 

capacity required for each load type for the period 2008-30. These are the capacity 

requirements which remain once the base load contribution of RES and nuclear has been 

accounted for, and once the use of pumped hydro for peak load requirements is taken into 

consideration. As can be seen from the figure the majority of new capacity (170 GW at an 

EUA price of 0 €/tCO2 and 160 GW at 100 €/tCO2) required is for intermediate load; base 

load is the next largest capacity requirement (130 GW and 88 GW at 0 €/tCO2 and 100 €/tCO2 

respectively); finally the least amount of new capacity investment (29 GW at 0 €/tCO2 and 3 

GW at 100 €/tCO2) is for meeting peak load requirements. 
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Given that the majority of new capacity required is for intermediate load levels, it is not 

surprising that CCGT features as the dominant technology (refer to Figure 31) for new 

capacity investment, as this is the least-cost technology for this load segment at all EUA 

prices analysed. Coal and biomass-based electricity generation – base load technologies – 

occupy the majority of the remaining new capacity requirement, since this demand type has 

the next biggest capacity requirement, and since these are the technologies which compete 

closely in this load segment. Finally, natural-gas based and biofuel based gas turbines, which 

compete as least cost technologies for the peak load segment, are required in relatively small 

amounts, given the relatively low level of new capacity investment required for this range 

once the contribution of pumped hydro capacity has been accounted for.  

Figure 32: New capacity requirements according to load type 
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The main impact of EUA prices as regards technology mix, is in the trade-off of technologies 

within a given load level, as can be seen in the shift in merit order (refer to Figure 31) 

between coal to biomass (for base load), and from gas to biofuel (for peak load) at higher 

EUA prices. Higher EUA prices also see the emergence of coal-based CCS (base load) on the 

market at prices above 40 €/tCO2, although gas-based CCS fails to emerge in the newly 

invested capacity, irrespective of the carbon price. Projected cumulative CCS investment in 

2030 is less than 5 GW at a price of 40 €/t CO2 and around 20 GW at a price of 80 €/tCO2, 

which are comparatively lower than the projections of Capros et al (2010) for 35 GW by 

2030, and of (ECF, 2011) which determines coal-based CCS of 20-50 GW for 2030 

(depending on the scenario) and gas-based CCS of 15-50 GW. These capacities, however, 
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include the demonstration plants which are expected to be set up over the period 2010-20. 

Interestingly, non-CCS coal-based capacity is distinctly absent from the investment 

technology mix at EUA prices above 40 €/t CO2.   

As regards retrofitting of existing coal- and gas- based capacities with CCS, this technology 

option is not found to be attractive over the range of EUA prices analysed. In fact, the 

model’s results indicate that EUA prices of around 150 €/tCO2 would be required to make the 

investment in CCS retrofit for coal-based plants worthwhile; for gas-based plants, the 

required EUA price is as much as 3 times that for coal.   

4.2.2 Regional level investment results 

The previous section presents an aggregated view of what happens in the EU electricity 

sector. This section looks at the dynamics at work in the four regions which make up the 

sector, since investment-related characteristics (e.g. existing energy mix, demand evolution, 

projected renewable capacities and nuclear policies) differ amongst regions and are likely to 

result in varying outcomes at regional level.  

The relative merit order of technologies at regional level is similar to that determined at the 

aggregated EU level, however, demand characteristics and projected new capacity 

requirement do differ more significantly between regions as can be seen from Figure 33. The 

figure shows the requirements for new capacity for each load segment in each region, for the 

demand which would prevail at an EUA price of 0 €/tCO2. Region 1
56

 has the largest overall 

requirement for new capacity for the 2008-30 period (over and above the projected RES and 

nuclear capacity investment); the majority of this new capacity is required for meeting 

intermediate load needs. Region 2
57

 has the next largest investment requirement, mainly for 

meeting base load needs. Region 3
58

 apparently does not require any significant new capacity 

investment. It is reminded that electricity demand in this region is actually projected to 

decrease over the time horizon of analysis; any new capacity requirement would therefore 

only be needed to cover the capacity gap left from depreciation of existing installations. This 

situation, together with the projected new investment in RES and nuclear capacity, apparently 

obviates the need for new capacity investment during the analysed period. Region 4
59

 has 

                                                           
56

 This region consists of : Austria, Belgium, Denmark, Finland, France, Germany, Italy, Luxembourg, and 
Netherlands 
57

 This region consists of : Bulgaria, Cyprus, Czech Republic, Estonia, Greece, Hungary, Latvia, Lithuania, Malta, 
Poland, Romania, Slovakia, and Slovenia 
58

 This region is made up of the United Kingdom and Ireland 
59

 This region is made up of Spain and Portugal 
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roughly the same overall new capacity requirement as Region 2, but with a more even 

distribution between base and intermediate loads.  

Figure 33: New capacity requirements for each region according to load segment  
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The results of least-cost technology mix at EU level are therefore likely to be dominated by 

the situation for Region 1, whereas Region 3 will have no influence on the EU technology 

mix, except as it relates to investment in RES and nuclear capacity.  

The regional level technology mix of investment is shown in Figure 34. Projected renewable 

energy investment clearly makes up a significant amount of total projected capacity 

investment for the 2008-2030, in all regions. In terms of non-renewable investment 

technology mix, as may be expected from the EU-level results, CCGT (primarily for meeting 

intermediate load needs) is the technology with the highest new capacity investment in 

Region 1, which dominates the other regions in terms of required overall investment needs. 

Coal appears in the technology mix, for base load requirements, at lower EUA prices, but is 

replaced by biomass-based (and some CCS-based) generation at prices of around 40 €/tCO2 

and higher. Finally, gas turbines appear in small quantities, for peak load needs, at lower EUA 

prices where the demand is higher (at higher EUA prices where a lower demand prevails, 

there is in fact no need for new peak load capacity). 
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Figure 34: Cumulative investment per technology, as a function of carbon price, for each region 

for the period 2008-30  
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In region 2, where base load dominates new capacity needs, coal is the main technology 

choice at lower EUA prices. At higher EUA prices, CCS-based coal technology becomes the 

dominant technology for base load requirements; the difference compared to region 1, where 

biomass-based generation is the technology displacing coal at higher EUA prices, is that the 

estimated potential for biomass in region 2 is much lower. CCGT and gas turbines make up 

the remainder of investment for meeting intermediate and peak load needs. In region 4, there 

is a more equitable distribution between coal and CCGT in line with the type of demand (base 

and intermediate respectively) for which new capacity is required for that region. Similar to 

region 1, at higher EUA prices biomass displaces coal for base load capacity requirements at 

higher EUA prices.  

4.2.3 Total park capacity mix 

We are interested in the extent- to which EUA-price driven investment can produce a shift in 

the park technology mix and thus in the technology mix for production, since it is in fact the 

latter which determines the emissions of the sector. Figure 35 shows the park mix in 2008 and 

in 2030, reflecting the evolution of the EU park as a result of capacity depreciation and new 

(least-cost) investment, for different EUA prices. In all EUA price scenarios, for 2030, the 

capacities for nuclear and renewable energy-based technologies are unchanged. We can, 
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however, see a marked change in coal, gas and biomass capacities, and, to a much lesser 

extent, a change in (or emergence of) CCS-based capacity. The investment likely to be 

realised over the course of the next two decades can thus potentially be game-changing (albeit 

not revolutionary) according to the constant-value EUA price incorporated into the 

investment decision. The next section looks at how the evolution of the park capacity over the 

2008-30 period plays out in the sector’s electricity production mix and associated emissions.  

Figure 35: Park capacity mix in 2008 and as projected for 2030 under a least-cost EUA-price 

dependent investment strategy 
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4.3 Long term production mix and emissions abatement curve 

Figure 36 gives a snapshot of the least-cost production technology mix at EU level in the 

years 2020 and 2030; it is this least-cost production mix which underlies the results for 

overall emissions (abatement) of the sector of the analysis. As can be seen from the figure, the 

capacity investment made over the 2008-30 time horizon plays out in the production mix, 

primarily in that CCGT plays a much greater role in the production mix in 2020 and 2030 

compared to 2008. The contribution from renewable energy sources (as a result of projected 

investments) is also very significant in the 2020 and 2030 production mix compared to the 

situation in 2008. Also, in the same way that higher EUA prices favour lower-emitting 

technologies for investment, they also favour them in production – as EUA prices increase 

CCGT and biomass-based electricity generation play a much greater role in the electricity 

generation mix, whereas coal declines significantly; CCS also appears in the production mix 

in 2030.  
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Figure 36: Snapshot of technology mix of production for 2020 (upper graph) & 2030 (lower 

graph) with least-cost EUA-price dependent investment 
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Figure 37 shows how this evolution in investment and production mix translates into 

emissions (reductions) of the sector over the 2008-30 period compared to the case where the 
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park composition remains static
60

 and not EUA-price dependent, as was done in the previous 

chapter IV, for the short-term analysis. Hereafter, this latter investment pattern will be 

referred to, interchangeably, as the static park or short-term vision. In terms of cumulative 

emissions over the period 2008-30, at a (2008 constant-value) price of 0 €/tCO2 there is a gap 

of around 3,000 MtCO2 (emissions of the static park being higher by this amount) between 

the two park configuration scenarios. This indicates that maintaining the static park 

configuration is not equivalent to simply effecting least-cost investment at an EUA price of 0 

€/tCO2, the static park being in fact a more polluting one. As can be seen from the figure, the 

EUA-price dependent investment strategy is by all accounts a lower-emitting one than the 

static park, even when taking into account the 3,000 MtCO2 base emissions difference. At an 

EUA price of 10 €/t CO2 the EUA-price dependent investment results in around 3,200 MtCO2 

lower emissions compared to the static park case; at 20 €/t CO2, 3,200 MtCO2 less; at 40 €/t 

CO2, 5,000 MtCO2 less; and at 80 €/t CO2, 6,500 MtCO2. 

Figure 37: Cumulative (2008-30) electricity sector emissions & reductions with EUA-price 

dependent investment compared to a static park configuration 
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The reason for this becomes clear when we compare the park capacity mix (see Figure 38) 

and resultant production technology mix (as shown in Figure 39) for the static park versus 

that of the EUA-price dependent park. The figure shows the park capacity mix for the park in 

                                                           
60

 As explained in the previous chapter, in the static park composition existing capacities are assumed to be 
renewed at the end of their lifetime and any additional capacity requirements needed to respond to increasing 
demand replicate the investment trends of the past, using the average share of investment in each technology 
over the past 10 years 
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2008, and in 2030 for the static park case, for the EUA-dependent investment case for a 

carbon price of 0 €/tCO2 and for the EUA-dependent investment case for a carbon price of 0 

€/tCO2. It is easy to see that the main difference between the case of the static park and the 

EUA-price dependent parks lies in the relative capacities of CCGT and other (more polluting) 

fossil-fuel based technologies. At a price of 0 €/tCO2, the relatively higher polluting 

technologies of the static park, such as gas-based steam-thermal, oil-based steam-thermal and 

oil-based gas turbine technologies as well as fossil-fuel based CHP technologies are replaced 

for the most part by CCGT technology in the EUA-price dependent park. Although there is 

slightly more coal-based capacity in the EUA-price dependent park at 0 €/tCO2, this is largely 

outweighed by the capacities of less polluting technologies which makes for a park which, in 

the overall, is less emissions-intensive than the static park.  

Figure 38: Park capacity mix for 2008 and as projected for 2030 for the static park and under a 

least-cost EUA price-dependent strategy 
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The case is even more pronounce for the EUA-price dependent park emerging at 80 €/tCO2, 

where the situation for coal-based capacity compared to the static park is completely reversed. 

At 80 €/tCO2 coal-based steam thermal capacity is less than half that in the static park, and 

there is a marked increase in biomass-based capacity and CCS-based coal capacity. This park 

is thus even less emissions-intensive than the other cases. 
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As we might expect the park capacity mix plays out in the production mix. As can be seen 

from Figure 39, the technology mix of production in 2030 is coherent with the park capacity 

configurations (static, EUA-price dependent at 0 €/tCO2, EUA-price dependent at 80 €/tCO2). 

In the case of the static park, we see the presence of gas- and oil- based steam-thermal 

production in the production mix, both of which are absent in the EUA-price dependent parks, 

which favour instead production from CCGT and, in the case of the 0 €/tCO2–based park, 

coal. There is also relatively higher production from fossil-based CHP technologies in the 

static park compared to the EUA-price dependent parks, consistent with the relative park 

configurations. Another important difference, again in line with the park technology mix, is 

the very low coal-based production in the 80 €/tCO2–based park, and the presence CCS-based 

coal production.  

Figure 39: Snapshot of technology mix of production in 2030 for the static park and under a 

least-cost EUA price-dependent strategy 
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By looking at the relative shares of the main technologies in the production mix in the static 

and EUA-price dependent cases from Figure 39 it is easy to see why lower emissions are 

achievable under an investment situation which incorporates an EUA price versus one which 

does not do so to any significant extent (as is supposed to be the case for static case). In both 

the static park and 0 €/tCO2–based park, the combined share of nuclear and renewable 

(including biomass and waste) is roughly the same at about 45%, as is the combined share of 
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fossil-based CHP and coal-based production (roughly 27% for both park types). The main 

difference lies in the relative shares of CCGT and the other fossil-based technologies in 

production (namely oil- and gas- based steam thermal technologies and oil- and gas-based gas 

turbine technologies). The relatively higher share of (lower-emitting) CCGT, compared to the 

aforementioned (higher-emitting) fossil-based technologies in the EUA-price dependent park, 

is what accounts for the lower emissions of this situation.   

4.4 Impact of lower-than projected renewable penetration on emissions reductions 
and attainment of EU targets 

Current and future renewable energy capacity in the park mix clearly impacts the emissions 

intensity and thus potential for emissions reductions in the EU electricity sector. The debate 

has been raised as to whether renewable energy policies in Europe, and the enhanced RES 

investment they engender, in effect constitute the backbone of emissions reductions in Europe 

for the coming years. Without the RES investment expected to result from these policies, or 

with a lower than projected new RES investment, to what extent are EU ETS emission 

reduction targets achievable? In this section we look at the implications of policies aimed at 

renewable energy promotion and their overlapping, or “assistance”, in the frame of EU ETS 

reduction objectives to analyse just how attainable the EU ETS objectives would be if 

renewable energy objectives fall short, and to what extent the EU ETS by itself provides an 

incentive to move towards investment in lower-emitting power technology? This is done by 

analysing a scenario where projected new RES capacity over the period 2008-30 is half of 

what it actual model input values, which are based on data from Beurskens et al (2011). 

The first impact of lower RES capacities in the EU park is to increase the requirement for new 

base load capacity, as renewable power production is generally affected to that range (with the 

exception of pumped storage-based hydropower which is used primarily in peak load ranges). 

At low EUA prices, this results in increased investment in coal-based steam thermal capacity: 

Figure 40 for example shows an increase in coal-based 2030 park capacity from 

approximately 150 GW to around 250 GW where there is 50% lower additional renewable 

capacity over the period 2008-30. The figure also depicts a slightly lower requirement for 

CCGT capacity in the 50% lower RES scenario: this is because the removal of some RES 

production from the base load under the 50% RES scenario produces a flatter load curve 

which causes the intermediate load requirement to decrease (refer to chapter II to understand 

how the load curve is constructed); and as CCGT is the capacity invested in for intermediate 
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load needs, its capacity in the 2030 park in turn decreases. The impact of lower RES in CCGT 

capacity is thus somewhat artificial and will not be discussed as part of the analysis. 

Figure 40: Park technology mix in 2030 for the normal model configuration compared to a 

scenario where there is 50% less RES capacity; EUA prices of 0 & 80 €/tCO2 
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At a price of 80 2008’€t/CO2 we see other differences emerging in the park technology mix. 

Coal capacity is still somewhat higher in the 50% RES scenario, but the difference between 

the two drastically reduced. This is clearly because the higher EUA price (80 €t/CO2 

compared to 0 €t/CO2) works unfavourably for investment in coal for the required additional 

base load capacity requirement. Instead, additional base load production capacity is met using 

CCS-based coal, which is higher for the 50% RES case (50 GW versus 20 GW), as shown in 

the figure. The total additional capacity requirement is lower in the 80 €t/CO2 case as demand 

is lower due to higher electricity prices resulting from EUA-price pass-through, hence the 

difference (for the 50% RES case) between the additional (30 GW) CCS-based coal capacity 

for meeting base load at a price of 80 €t/CO2 and the (100 GW) additional coal-based capacity 

needed for meeting base load at a price of 0 €t/CO2. 

Given the changed investment profile and park capacity mix which occurs under the two 

scenarios for additional RES capacities to 2030, we now look to analyse the potential for the 

electricity sector to achieve EU goals for emissions reductions via a more aggressive carbon-

price inclusive investment strategy, and the role of RES policies in the achievement of 

emission reduction goals. To do this, we compare the annual 2030 emissions level attained 

with investment at various EUA prices, to the EU’s 2030 goal for power sector greenhouse 
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gas emissions reductions of -7% in 2005 and -54% to -68%, with respect to 1990 emissions 

levels; and do the same for a scenario of (50%) lower RES capacity as before. As there exist 

no data on emissions specific to power generation activities for the year 1990 (emissions for 

the power sector are included in the broader category of “public electricity and heat 

production”), we make an approximation to estimate the 2030 effort required, as described 

hereafter. The Climate Economics Chair has estimated the level of “combustion” sector 

emissions attributable to power sector generation for 2005 to be of the order of 1,100 MtCO2. 

If the 2005 emission level is line with the target of -7% compared to 1990, then by deduction, 

achieving the 2030 target of -54% to -68% versus 1990, requires an additional emissions 

reduction effort of between 50% and 66% compared to 2005 emissions levels. This means an 

emissions reductions level, for 2030 annual emissions, in the region 550 – 720 MtCO2, or 

absolute emissions of the order of 380 – 550 MtCO2. From Figure 41 we see that a long term 

EUA price anticipation of 77 €/tCO2 (in 2008 money) is consistent with achieving the lower 

level (550 MtCO2 or 50% reduction compared to 2005) of the target emissions reduction 

range, under the situation where the projected RES capacities (in line with Beurskens et al, 

2011) of the model are realised. In a situation where only 75% of projected additional RES 

capacities for 2030 are realised, a price of 81 €/tCO2 is required, and where only 50% of 

projected additional RES capacities for 2030 are realised, a price of at least 87 €/tCO2 is 

required to achieve the EU 54% reduction target compared to 1990 (or 50% reduction 

compared to 2005). These are the price levels at which the electricity sector is incited, in each 

of the given scenarios, to make sufficient investment in lower emitting power generation 

technology to enable the achievement of the target. Lower than projected RES capacities thus 

clearly have an impact of the emissions reduction potential of the electric power sector and 

the attainment of reduction targets. If RES capacity additions to 2030 are half of that 

projected by Beurskens et al (2011), emissions associated with electricity production in 2030 

are between 100 and 400 MtCO2/yr higher, depending on the prevailing EUA price (the gap is 

higher at lower EUA prices where more polluting technologies are deployed in production; at 

higher EUA prices, the impact on emissions of having less RES in the park is lower because 

at high prices a large share of high-emitting coal production is displaced by lower- or zero- 

emitting technologies, such as biomass and CCS-based coal). In terms of attainment of EU 

reduction targets, lower RES capacities increase the EUA price required for target 

achievement by around 10 €/tCO2.  
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Figure 41: EUA prices in line with target emissions reductions for the electricity sector for 2030 
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These higher emissions of the 75% and 50% RES scenarios are directly consistent with 

changes in the technology mix of production for these cases, compared to the normal model 

configuration (where RES is projections are full realised), as shown in Figure 42. At a price of 

0 €/tCO2 (in 2008 money) one can clearly see the impact of increased investment in coal-

based capacity to make up for lost RES production in base load when moving to a scenario 

where only 50% of projected additional RES capacities are realised. Coal production almost 

doubles, and as this is the most polluting of all technologies, emissions would be much higher 

in the 50% RES case. If we look at the results for production mix at a (2008 constant-value) 

price around 80 €/tCO2 – the price range in which the EU’s 54% reduction target (vs. 1990) – 

we see that the technologies deployed in production to meet up for lost RES production in the 

50% RES scenario are primarily CCGT and CCS-based coal. The increased share of 

production from the more polluting CCGT, however, largely exceeds that of the almost CO2-

neutral CCS-based coal, resulting in net higher emissions for the scenario of (50%) lower 

additional RES capacity. 

Finally, from Figure 42, we see that in none of the scenarios is it possible to achieve the 

higher end of the EU emissions reduction target (-68% with respect to 1990 emissions, or 

66% emissions reduction compared to 2005) for the range of EU prices analysed. Moreover, 
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while achieving the lower level of the target is possible through the cumulated effort of 

investment in lower emitting technology and lower demand (energy efficiency), EUA price 

anticipations would have to relatively high. Given current market conditions this is not likely 

to be realistic.  

Figure 42: 2030 technology mix in production for the normal model configuration compared to a 

scenario where there is 50% less RES capacity; EUA prices of 0 & 80 €/tCO2 
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4.5 Costs 

In this section we consider the cost of “making a mistake”. As explained previously, the 

model investment (and production/emissions) outcome is based on the electricity sector’s 

anticipation of the 2008 constant-value EUA price over the period of analysis. The sector 

makes least-cost investment decisions based on his long-term view of the EUA price on the 

EU ETS market. Once the investment decision is made, it is irreversible. The sector is thus 

locked into a given park technology mix, and he must then make his production decision on 

the basis of the park (technologies and available capacities) he has at hand and the variable 

costs associated with these technologies which determine the merit order for meeting demand. 

Amongst these variable costs is of course the cost associated with emissions which depends 

on actual EUA price, which may be different from the one which the investor originally 

anticipated.  

To analyse the cost of making a mistake the dispatch module of the model is run for a range 

of EUA prices (from 0 to 100 €/tCO2) using different investment profiles; these investment 
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profiles are actually the least-cost investment profiles derived from running the model’s 

investment module for different EUA prices (in the range 0-100 €/tCO2) as was done for 

section 4.2. Thus, for example, the least-cost investment profile derived for an anticipated 

2008 constant-value price of 20 €/tCO2 would be “plugged into” the model, and this would 

give a certain park technology mix for each year over the period 2008-30 (taking into account 

depreciation of existing capacity over the period). The model’s production (dispatch) module 

would then be run, on the basis of this park, for various EUA price values in the range 0-100 

€/tCO2 (these EUA values representing the real long term EUA price in 2008 constant 

money). The total production cost (unit costs of production per technology, in €/kWh, 

multiplied by kWh of production per technology) for the final year of the period (2030) are 

then calculated for each of the “real” EUA price values (the final year is chosen as this is the 

year in which the impact of the investment and park mix would be the greatest). This exercise 

would be repeated, each time plugging in a different investment profile (the least cost 

investment profile based on a different anticipated EUA price), and the 2030 total production 

costs at various supposed “real” EUA prices compared. The results of the exercise are shown 

in Figure 43.  

Figure 43: Total production cost in 2030 at various EUA prices, for park mixes based on EUA-

price dependent investment effected for various anticipated EUA prices   

110

120

130

140

150

160

170

0 10 20 30 40 50 60 70 80 90 100

2
0

3
0

 T
o

ta
l 

A
n

n
u

al
 E

le
ct

ri
ci

ty
 p

ro
d

u
ct

io
n

 C
o

st

B
il

li
o

n
s

EUA price (€/tCO2)

p=0

p=20

p=40

p=80

p=100

 



Abatement and evolution in the European electric power sector in reaction to the EU ETS carbon price 

signal 

Doctoral thesis: Suzanne Shaw Page 164 

The different coloured curves in the figure correspond to the different investment profiles 

which are based on different anticipated long-term (constant-value) EUA prices: 0, 20, 40, 80 

and 100 €/tCO2. As can be expected, the higher the anticipated EUA price incorporated into 

the investment decision, the greater the tendency to invest in lower emitting, and generally 

more capital intensive technologies. As we have seen from previous sections, with higher 

anticipated EUA prices, the tendency is to invest away from coal and towards biomass-based 

steam thermal plants, CCGT and, at prices above 80 €/tCO2, in CCS-based coal technology. 

As also seen from previous sections, the technology mix in production follows a similar trend: 

at higher EUA prices there is less production from coal, and greater production from lower-

emitting biomass, CCGT and CCS-based technologies. The curves in Figure 43 show the total 

2030 production cost attained for each of the investment profiles (y-axis) (based on EUA 

prices: 0, 20, 40, 80 & 100 €/tCO2), when the dispatch module is run for various EUA price 

values (x-axis) which are supposed to be the “real” long term EUA price on the market, and 

which may be different from that anticipated for the investment decision. 

As can be seen from the figure, all curves demonstrate a general upward trend as “real” long-

term EUA prices increase; this is because as EUA prices increase the emission costs 

associated with production increase. The slight downward turn in the curves at EUA prices of 

90-100 €/tCO2 is due to the decrease in demand which results at higher EUA prices as a result 

of EUA-price pass-through; at these higher prices the reduction in production (primarily, fuel) 

costs as a result of decreased demand outweighs the increase in emission costs. 

We can also see from the figure that the production cost curves are progressively flatter for 

investment strategies based on higher anticipated EUA prices; that is, the variation in 

production costs as EUA price varies is lower. Table 15 gives larger picture: while the 

investment strategies based on the lowest anticipated EUA price give the lowest average cost 

of production (for the range of values depicted by the curve), it has the highest standard 

deviation; whereas the investment strategy based on 100 €/tCO2 has the lowest standard 

deviation. Investment strategies based on higher anticipated EUA prices are therefore more 

resistant to the risk of variation in production due to variation in real EUA prices. On the 

other hand, from the point of view of average production cost, investment strategies based on 

lower anticipated EUA prices would appear to be less risky. 
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Table 15: Basic statistics related to production costs for various EUA-price dependent 

investment profiles (in billions of Euros) 

Investment strategy 

based on a price of: 
0 20 40 80 100 

Mean production cost 150 151 154 152 154 

Median production cost 155 155 158 154 156 

Standard deviation or 

production cost 
18.9 17.8 11.5 5.77 5.63 

 

Going back to Figure 43 we can see that there is a general convergence of the curves at a 

“real” long term EUA price of around 60 €/tCO2. Around this price, all investment strategies, 

whether based on 0 or 100 €/tCO2 have 2030 total production costs of a similar order of 

magnitude. The further away we move from a “real” EUA market price of 60 €/tCO2, the 

greater the difference in the results for the various investment profiles. If the “real” long term 

market price is very low, investment strategies based on a low anticipated EUA price 

naturally give lower production costs, with a difference of around 25 billion Euros between 

the production costs for on an investment profile based on an anticipated EUA price of 0 

€/tCO2 and that based on an anticipated price of 100 €/tCO2. On the other hand, if the “real” 

long term EUA market price is relatively high, investment strategies based on a high 

anticipated EUA price give lower production costs, with a difference of around 10 billion 

Euros between the production costs for on an investment profile based on an anticipated EUA 

price of 0 €/tCO2 and that based on an anticipated price of 100 €/tCO2. Thus, if there is a 

strong likelihood of EUA prices being below 60 €/tCO2 it is better, from a hedging point of 

view, to base one’s investment decision on a relatively low EUA price, even as low as 0 

€/tCO2 since the curve at 0 €/tCO2 is below that of all other curves up to about 60 €/tCO2. On 

the other hand if there is a strong likelihood of prices being above 60 €/tCO2 it is better to 

base one’s investment decision on a relatively high EUA price. For the range of investment 

profiles studied, it would appear that, in the case where there is little indication of what the 

“real” EUA price might be, an investment profile based on an anticipated price of 80 €/tCO2 

entails less risk, if one were to consider both average production costs as well as variation in 

production cost. Although its 2030 production cost over the range of values on the curve is on 

average higher than that at 0 or 20 €/tCO2, it still has the third lowest average; moreover it has 

the lowest median value for 2030 production cost over the range of values on the curve, and 

the lowest standard deviation.  

In the real world, actors faced with uncertainty, may be inclined to look at historical market 

information to provide some insight, in the absence of any other information as to the “real” 
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situation. In this case, the futures and spot prices of EUA from 2008 until now
61

 may be used 

as an indication of “real” long-term EUA price.  

Figure 44: EUA price information 2008-12 
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As can be seen from Figure 44, the market price of EUAs have for the most part varied 

between 10 and 20 €/tCO2, never passing 35 €/tCO2 at the most. The relatively low price seen 

on the market is largely due to the economic downturn which Europe has been experiencing 

since 2008. Given the relatively low price signal which exists, actors basing their decision on 

such information would have little incentive to make investment decisions based on relatively 

high prices. If this is in fact what plays out in reality, not only does this compromise the 

ability of the EU ETS to provide an incentive to make the investment decisions needed to 

attain emissions reduction targets (since from the previous section we saw that a long-term 

(constant-value) price of around 77 €/t would be needed to achieve the lower end of the 

reduction target for the electricity sector), but increases the cost risk of production (and 

compliance) if, in later years, improved economic conditions cause the emissions to increase 

and the value of EUA prices to rise. 

                                                           
61

 Prices from the 1
st

 Phase (2005-7) are not considered relevant information in this context since for the 1
st

 
Phase banking to the subsequent Phase was not permitted, which meant that the 1

st
 Phase was a distinct and 

isolated trading period, reflective only of the market situation for those years, rather than the longer term EU 
ETS market. 
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5 SUMMARY AND CONCLUSIONS TO CHAPTER V 

This chapter has analysed the technologies which emerge under various EUA-price dependent 

investment strategies both in investment capacity, overall park capacity, and production mix 

for meeting demand, as well as associated sector emissions compared to EU targets. The 

results show that the majority of new capacity is required for intermediate loads, and that 

consequently CCGT is the most favourable intermediate load option, dominating the 

technology investment mix, irrespective of EUA prices. Regional circumstances play a role in 

the overall outcome at EU level. Investment capacity needs in region 1 in particular (which 

includes 3 of the top 4 major electricity demand countries in the EU:  Germany, France, and 

Italy) dominate the overall investment mix at EU level. At the same time, the results show 

that EUA prices do play a role in shifting the investment technology preference away from 

higher-emitting technologies such as coal towards lower-emitting ones, and facilitates the 

emergence of CCS-based coal technology; in fact (non-CCS) coal-based technology is 

practically absent from the investment technology mix at (2008) prices above 80 €/tCO2 (or, 

in 2030 prices, 124 €/tCO2 evaluated at a risk-free interest rate of 2%).  In terms of the impact 

this has on overall park capacity, the integration of EUA prices in the investment decision can 

serve to produce an evolution in the park technology mix towards a less emissions intensive 

one, something which is seen in the results for production, where the investments in CCGT, 

biomass and CCS-based coal all manifest themselves in the least-cost production mix. The 

resulting impact is a decrease in the overall emissions of the sector compared to a “static” 

park where capacity investment is not EUA-price dependent, and where there is relatively 

little change in terms of the fossil-based capacities in the park.  

This chapter also considers the implications of policies aimed at renewable energy promotion 

and their overlapping, or “assistance”, in the frame of EU ETS reduction objectives.  The 

results show that the expected investment in RES to 2030 plays a large role in the emissions 

reductions achievable over that time period, should RES capacities fall short of projections 

achieving emissions reductions targets for the electricity sector will be that much harder, and 

the required EUA price incentive for effecting investment alternative low- or zero- emitting 

technology that much higher.  

Finally, this chapter also looks at the implications of uncertainty regarding future carbon 

prices on the production cost profile and risk associated with investment strategies based on 

an anticipated (2008 constant-value) EUA price which differs from that which actually 

manifests itself in the market. The results show that given the market price signal observed 
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since the start of Phase II, the sector would perceive less risk in adopting an investment 

strategy based on a relatively low EUA price. This is not consistent with the attainment of EU 

ETS or sector reduction targets, and opens up the sector to greater cost risk in the case where 

the economic situation in the future differs (improves) compared to that which Europe has 

been experiencing since 2008.  

One important limitation in scope of the current work is the fact that there is no explicit 

representation of economic growth, nor of the feedback to electricity demand, as already 

mentioned in section III. Further research, using a more stylistic representation of economic 

growth and of electricity demand as a function of that growth would be relevant for gaining 

further insight. 

Other areas of research that could build on the findings of this work, which merit further 

investigation, include analysis, at a country-, rather than regional- level, of the impact of 

overlapping policies (namely those related to investment and promotion (or the opposite) of 

nuclear energy and renewable energy) on the investment, production and emissions outcome. 

The work currently presented would also benefit from improved data on estimated technology 

potentials, in particular as regards biomass-based technologies (capacity limits), by region and 

country. Other avenues that merit further exploration are the impact of the choice of discount 

rate on the results, and the incorporation of a risk premium, associated with certain (in 

particular, emerging) technologies (for instance CCS-based technologies) in the investment 

decision. In line with the theme of risk, it is also important to remember that the analyses of 

this (and the previous) chapter are conducted in the context of constant-value EUA prices, 

which, for the analyses are considered linked to future-value prices via a risk-free interest rate 

(a discount rate), assuming zero cost-of-carry. However, uncertainty associated with the long-

term EUA price may, on the contrary, lead to the incorporation of a risk premium in the 

evaluation of future costs and benefits by the electricity sector, which could impact the results 

of the analysis. This is potentially a topic for further exploration in the theme of risk 

evaluation in the context of the EU ETS. 
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ANNEXES TO CHAPTER V 

A. Technologies in Zephyr and their relevance for the investment decision 

This section gives a short techno-economic description of the main technology categories 

treated in the model, and identifies those which are modelled in the investment decision.   

i. Steam Turbines 

Steam turbines are a broad category and characteristics can vary significantly depending on 

the fuel used, whether coal, oil, natural gas, nuclear energy, waste, or biomass, to name the 

main ones. As such, the main steam turbine-based technologies are treated separately below, 

according to fuel type. In general though, steam thermal plants typically have a cold-start 

period of several hours, even days, and are typically base load power generators. 

Coal 

Coal-fired steam power plants have intermediate capital costs and efficiencies. Coal-fired 

steam power represents a significant portion of the EU27 power park, total (CHP and non-

CHP based) installations accounting for approximately 189 GW, just under 25% of the entire 

park, and continues to be an option for new investment in the European power sector (see for 

example (Capros et al, 2010); (ECF, 2010)), in particular given current and expected future 

stability in coal prices in the medium to long term ((IEA, 2010b); (Capros et al, 2010)). It is 

thus included in the range of technologies modelled in Zephyr’s investment decision
62

.   

Oil  

Oil-fired steam power plants generally entail significantly higher fuel costs compared to coal- 

or gas- fired ones, and as such are much less competitive for any given load use. Oil-fired 

steam power accounted for just under 50 GW of the EU27 power park in 2008. There has 

been relatively little new investment in this technology over the past couple of decades, and 

this trend is not expected to change ((ECF, 2010); (Capros et al, 2010))
 
over the time horizon 

of the model
63

; as such, this technology is not modelled as part of the investment decision. No 

significant new investment is considered to occur for this technology. 

                                                           
62

 It is reminded from chapter II that, for the purposes of the dispatch module, the technology category for 
steam-thermal coal includes3 sub-categories which differ by conversion efficiency. For the investment module, 
new investment in coal is only considered for the most efficient coal sub-type 
63

 Major studies on EU energy projections do not show any significant change in the contribution of oil-based 
power generation to the energy supply mix. (ECF, 2010) does not indicate any new investment in oil-based 
power generation in any of its scenarios; and (Capros et al., 2010) indicates, for the 2010-2020 and 2010-2030 
periods respectively, investments of a mere 9GW (14 GW) and 18 GW (24 GW) in oil-fired capacity in the 
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Gas  

While less costly than the oil-fired equivalent, gas-fired steam power plants are generally less 

attractive than the alternative combined cycle gas turbine technology (CCGT) (see later) for 

any given load application. Gas-fired steam turbines represented just over 30 GW of EU27 

park capacity in 2008, and there has been relatively little new investment in this technology in 

the last decade, in particular for pure electric power generation applications (around a third of 

current installed capacity is for CHP). As such, no new investment is considered to occur for 

this technology for applications dedicated solely to power generation.  

Biomass 

Biomass-fired steam power plants, while generally having higher capital, variable O&M and 

fuel costs compared to the aforementioned steam power plants, may be attractive in the 

current EU ETS context due to their status as a zero-emissions
64

 fuel. Biomass-fired steam 

plants (not accounting for biomass-based CHP plants) represent less than 5 GW of the 2008 

European power park. 

Although not currently competitive, biomass is considered to have considerable potential in 

Europe ((ECF, 2010); (Capros et al, 2010))
 
and technology cost reductions and the avoided 

CO2 cost could make these technologies competitive in the future. As such this technology is 

included in those modelled in the investment decision. In order to take into account the fact 

that biomass-based technologies, like most renewable, benefit from support schemes in 

Europe
65

, an across-the-board, representative production subsidy is integrated into the 

model
66

. Resource availability/constraints, is an important issue in the long term. This is 

integrated by capping new capacity investment in biomass at the level determined under the 

most renewable intensive investment pathway of the (ECF, 2010) study; these results 

represent the most optimistic case for biomass/renewable energy investment, while 

                                                                                                                                                                                     
reference (baseline) scenario, with primary energy requirements and gross generation for oil in the EU remain 
relatively unchanged in 2030, compared to 2005 levels.  
64

 “Zero-emissions” status here refers to the situation at point of use. Although the choice of biomass as a fuel 
may entail greenhouse gas emissions along the fuel chain e.g. in pre-processing or transport before arrival at 
the power plant site, these upstream emissions are not included in the emissions attributed to the power 
generation facility. 
65

 According to the RES-LEGAL database (http://www.res-legal.de) 10 European Union Member States have 
support schemes in place for biomass-generated electricity 
66

 As it is not within the scope of this work to model national-level incentive schemes, feed-in tariffs and other 
incentives, we make the simplifying assumption that all support measures may be aggregated and represented 
as an equivalent operational subsidy (valid for the lifetime of the installation), in €/kWh, and that this is 
harmonised across Europe. The subsidy is assumed to decrease over time for each year in which an investment 
is made, in line with anticipations for cost reductions. 

http://www.res-legal.de/
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incorporating resource constraints and other considerations specific to investment in this 

technology.  

Nuclear  

Nuclear energy technology is characterised by high capital and fixed O&M costs, but much 

lower fuel costs and negligible variable O&M costs compared to the other steam turbine 

technologies. Nuclear energy is a somewhat controversial issue, due to varying perceptions on 

the safety and security of the technology. Several EU countries have either decided not to go 

the nuclear route at all (Portugal, Denmark, Austria), have halted plans for further 

development (Italy), or have decided to progressively come out of this technology (Germany). 

At the same time, other EU countries (such as Great Britain and France) consider nuclear a 

valid option for electric power production and a serious contender for investment in the sector 

(refer to (CEC, 2011) for an overview of policy positions on nuclear energy in the EU). With 

the emergence of a carbon price from the EU ETS, nuclear power, as a zero-emissions source, 

is likely to remain an investment option, at least for some, but remains a decision which is 

highly dependent on national policy context. As such, nuclear is not included amongst the 

technologies modelled as part of the investment decision; investment in nuclear energy 

capacity is entered exogenously into the model in accordance with planned investment based 

primarily on IAEA (2011) and WNA (2011), and to a lesser extent on (Capros, 2010).  Table 

16 shows the planned new nuclear capacity investment entered into the model, according to 

country and electricity market region. 

Nuclear power represents a significant portion of the EU27 power park, total installations 

accounting for approximately 139 GW, roughly 17% of EU27 power park capacity. 
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Table 16: Planned nuclear capacity investment (MW) for the model time horizon  

Sources: (IAEA, 2011), (WNA, 2011), (Capros, 2010) 

Year 

Region 1 Region 2 Region 3 

Finland France Germany
67

 Bulgaria Lithuania Poland Romania Slovakia 
United 

Kingdom 

2008          

2009          

2010          

2011   -8336       

2012          

2013        782  

2014   -1275       

2015 1600         

2016   -2572    655   

2017  1600 -1360 953   655   

2018   -1392      1600 

2019   -1370      1600 

2020 1450 1600 -1400  1250    1600 

2021   -1329       

2022   -1305      1600 

2023          

2024          

2025    953  3000    

2026          

2027          

2028          

2029          

2030          

Waste 

Waste-fired steam turbine capacity (not including CHP) amounted to just under 2 GW in 

2008. Waste-fired electric power installations currently do not fall under the EU ETS system, 

and as such, are not modelled as part of the EU ETS investment decision framework. In 

addition, waste-based installations are subject to other economic conditions, incentives and 

regulations (in particular environmental, for example (EC, 2008b)) which impact technology 

economics. Given these factors, waste-fired installations are not included in the technologies 

for the modelling exercise. Instead, new capacity additions in waste-fired steam turbines are 

effected exogenously, in accordance with trends observed over the past 10 years. 

ii. Combustion (Gas) Turbines 

Gas turbines are typically characterised by lower capital and fixed costs than steam turbines, 

but generally have lower efficiencies. They have fast ramp-up times and are capable of 

                                                           
67

 The capacities indicated for Germany indicate the early decommissioning of nuclear capacity in accordance 
with the post-Fukushima June 2011 legislation for accelerated withdrawal from nuclear energy. These 
capacities are treated as de-investments since they are not retired in accordance with the end-of-economic-
lifetime principle, as is done for all other existing park capacities (nuclear and otherwise)  
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achieving full-load operation from cold-start in a few minutes, and are typically used for 

meeting peak-load needs.  

Single cycle gas turbine capacity (all fuels combined) amounted to approximately 37 GW in 

the EU27 in 2008; with roughly 42 % fired by gas-based fossil fuels, 52% by liquid fossil 

fuels and 6% by biomass-based fuels (liquid & gaseous). 

This technology is included in the modelled investment decision; three technology categories 

are modelled for new gas turbine capacity, differing only by the primary fuel type used: 

natural gas, biomass-based (biogas/bio-liquids), and oil. In the case of biomass-based gas 

turbines, as in the case of steam thermal biomass, a renewable energy support scheme is 

integrated in the form an EU-wide harmonised operational subsidy (valid for the lifetime of 

the installation), in €/kWh, which decreases over time. 

iii. Combined Cycle Gas Turbines (CCGT)  

Combined cycle gas turbines (CCGT) have higher electrical efficiencies than simple gas 

turbines but higher capital costs. Compared to steam turbines, they have lower capital and 

fixed O&M costs but the associated fuel – natural gas – usually comes at a higher cost. 

CCGTs can be used flexibly and are adapted to base load, and in particular intermediate load 

operation as they can flexibly ramp up and down, following daily fluctuations in demand.  

Combined cycle gas turbine technology represented approximately 126 GW of the EU27 park 

in 2008, or roughly 16% of total EU27 installed capacity. 

This technology is included in the modelled investment decision; new capacity is based on 

use with natural gas as the primary fuel type
68

. 

iv. Combined heat and power (CHP) technologies  

With all of the above technology types there exists the possibility to generate heat, in addition 

to electricity; so-called combined heat and power (CHP) – or simply cogeneration – units. 

CHP units are also categorised in the model according to prime mover/conversion technology 

and fuel/energy resource, and categorised separately from the non-CHP (power only) 

generating units.  

In 2008, the ensemble of CHP-based capacity represented roughly 110 GW or 14% of the 

EU27 power park. 

                                                           
68

 It is reminded from chapter II that, for the purposes of the dispatch module, the technology category for 
combined cycle gas turbines (CCGT) includes3 sub-categories which differ by conversion efficiency. For the 
investment module, new investment in CCGT is only considered for the most efficient sub-type 
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CHP units are, if correctly intentioned and used, heat-driven power systems, in that the 

decision to invest in CHP and the sizing of a CHP system is driven by heat demand, not 

electricity demand. Thus, although investment in CHP will impact the potentially available 

electric capacity and production, it is not motivated by the same driving forces. CHP 

technologies are therefore not modelled as part of the investment decision; instead, new 

investment is projected on the basis of past trends. 

v. Carbon Capture and Storage (CCS) 

Carbon capture and storage (CCS) is an emerging technology, wherein CO2 produced from 

the combustion of carboniferous fuels is separated, captured, stored and effectively removed 

from the atmosphere. CCS can be built into a plant from its initial construction or can be 

applied to existing installations, so called CCS retrofit. CCS technology (new and retrofit) is 

modelled as part of the investment decision, with the assumption that commercial scale 

deployment only occurs from 2020 onwards
69

.  

Four CCS technologies are modelled: coal-based CCS retrofit, CCGT-based CCS retrofit, 

new coal-based CCS, new CCGT-based CCS. CO2 capture rates (emissions reduction) are 

assumed to be 90% for both coal and gas plants, whether new or in retrofit, and the parasitic 

loss or efficiency penalty is assumed to be 20% for all CCS applications in line with (ECF, 

2010)
70

. Because of the efficiency penalty of CO2 capture, retrofit only makes sense for 

relatively new plants, and is modelled only for coal and gas plants implemented from 2005 

onwards
71

. Moreover, only existing coal plants above a threshold of 300 MW are considered 

candidates for CCS retrofit
72

 
73

. While accessibility and availability of CO2 transport 

                                                           
69

 That is, CCS is not considered to be a feasible investment option before this time and is only allowed to 
“appear” as an option in the investment decision after the year 2020 
70

 In terms of how this efficiency loss is treated in the model, it is assumed that the gross installed capacity of 
existing installations, when  CCS retrofitted, does not change – that is, the power needed for operation of CCS 
equipment such as compressors (parasitic loss) is not met by new capacity but is simply represented as a power 
loss on the net capacity of the CCS installation. This means a CCS retrofitted plant is effectively represented 
with a 20% lower net power capacity, vs. the same plant without CCS, for electricity production purposes. For 
new CCS plants, each MW of installed capacity is net power (MWe), and the related parasitic loss is accounted 
for in the increased fuel consumption (lower energy conversion efficiency) of the plant for each unit of net 
power. 
71

 Although it is recognised that refurbishment of plants could significantly increase the CCS retrofit potential in 
the existing power park, this option is not included in the current study due to large uncertainties as to the 
additional unit costs for refurbishment, which are plant-specific, depending on, for example: the plant’s 
starting efficiency; the potential need for additional emission control equipment in line with IPPC (Integrated 
Pollution Prevention and Control) regulation (EC, 2008b); and the level of plant upkeep/maintenance in the 
past etc. 
72

 (EPRI, 2009) estimates, for the case of the United States, that retrofits are unlikely to prove cost-effective for 
units lower than 300MW in capacity  
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infrastructure and storage locations are recognised to be an important factor for CCS 

economics and its ultimate deployment potential, these factors are not assessed nor accounted 

for in this exercise; it is assumed, similar to (Capros et al, 2010), that the necessary the 

infrastructure and regulations are in place by 2020. Similarly, no account is taken of potential 

reductions in operational flexibility as a result of CCS technology. 

New CCS capacity in the model is capped at the levels indicated by the results of the highest 

CCS scenario
74

 of (ECF,2010) for 2030
75

. Upper capacity limits for CCS in retrofit are built-

in de facto, given that this can only be effected on plants which are already in existence in the 

power park.  

A risk premium is applied to investment in CCS technologies.  

vi. Renewable energy technologies 

Wind Turbine 

Wind energy is an intermittent and unpredictable resource. As with all renewable resources 

the economics are dependent on resource availability in time and in space, which is location-

dependent and even site-specific. Wind power generation has traditionally been implemented 

inland, with approximately 65 GW of installed capacity in 2008, but the offshore market in 

the EU, 1.5 GW in 20008, is growing rapidly and is expected to have the more significant 

contribution to future wind capacity growth (EWEA, 2011a; EWEA, 2011b).  

Wind power (on- and off-shore) is not modelled as part of the investment decision for the 

main reason that their economics are entirely different from the economics of the 

“conventional” electricity generation technologies, with subsidies and other incentives 

applicable in several countries, special conditions existing for siting and grid connection, and 

technical potentials bound by resource constraints and other factors (e.g. technology 

acceptability). Equally importantly, the intermittent nature of generation with this technology 

requires consideration of the potential need for additional backup power with higher levels of 

wind penetration and thus of the costs associated with this. Added to this is the fact that these 

conditions vary widely across countries/regions within the EU (varying subsidies at national 

level, differences in available wind resource, differences in the existing levels of wind energy 

                                                                                                                                                                                     
73

 No minimal plant size conditions for CCS installations are integrated into the model for new plants. 
74

 This is the 40% RES/30%nuclear/30%CCS scenario 
75

 ECF’s (2010) results for coal CCS appear to include both new CCS, as well as CCS in retrofit, however the 
result is used as an upper limit solely for new coal CCS 
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penetration in the grid and consequences for additional backup power needs etc.). Given the 

complexity of all these issues, this technology is not included in the technologies modelled in 

the investment decision. Rather, new capacity additions for on- and off-shore wind are 

effected exogenously. For the period to 2020, capacity additions follow the projections of 

Beurskens & Hekkenberg (2011). For 2021 to 2030, capacity additions are effected using an 

average annual growth rate, calculated to be in line with EWEA’s (2011a) projections for total 

additional capacity for the period. New wind capacity additions are deducted (applying a 

capacity credit factor
76

) each year from the total demand for new base load range capacity.  

Solar Photovoltaic (PV)  

Solar photovoltaic (PV) technology output is intermittent, although more predictable than 

wind, generating no energy at night and according to a distinct, although not constant, profile 

during the daylight hours (with more marked differences in profiles according to the season). 

Solar PV represented less than 2 GW, roughly 0.2%, of the EU27 power park capacity in 

2008.  

Like wind, PV is not modelled as part of the investment decision given the very different 

nature of their economics compared to conventional electricity generation technologies 

(subsidies, intermittency etc.), which, in addition, vary widely across countries/regions within 

the EU. For the period to 2020, capacity additions follow the projections of Beurskens & 

Hekkenberg (2011), and for the period 2021 to 2030, capacity additions are effected 

according to growth rates estimated on the basis of past growth rates from Beurskens & 

Hekkenberg (2011) and  in line with (EPIA, 2011). New PV capacity additions reduce the 

total yearly requirement for new base load production; this is taken into account by deducting 

newly installed PV capacity each year (applying a capacity credit factor) from base load 

investment capacity requirements.  

Hydro turbines  

Electricity using hydro turbines, hydroelectricity, is generally categorised as either pumped 

storage run-of-river hydro-electric technology. Pumped storage hydro-electricity is fully (and 

generally centrally controllable and is typically used for peak power production. Electricity 

output from run-of-river installations is generally (seasonally) fluctuating, although more 

                                                           
76

 The capacity value of additional wind capacity in a system is typically defined using its capacity credit – the 
amount of installed conventional power that can be avoided per unit of wind power capacity. A number of 
other approaches, not detailed here, have been developed to account for wind power in capacity expansion 
planning (see for example (Milligan & Porter, 2008)). 



Abatement and evolution in the European electric power sector in reaction to the EU ETS carbon price 

signal 

Doctoral thesis: Suzanne Shaw Page 179 

controllable
77

 than with other fluctuating energy resources, such as wind. The EU27 power 

park consisted of 97 GW of run-of-river
78

 hydroelectricity in 2008, and 36 GW of pumped 

storage hydro.  

Hydropower systems are subject to geographical limitations and its technical potential is 

ultimately bounded by nature, and, for these reasons, is not modelled in the investment 

decision. New capacity additions for this technology are done following projections of 

Beurskens & Hekkenberg (2011) for the period to 2020. For 2021 to 2030, annual capacity 

additions for run-of-river hydro are made applying the average growth rate estimated for the 

2010-20 period, using the data in (Beurskens & Hekkenberg  2011); for pumped storage 

hydro, in the electricity regions where new capacity additions can still occur
79

, capacity 

additions are based on the average of 2019 and 2020 growth rates, using the data in 

(Beurskens & Hekkenberg  2011).  

As with wind and solar PV capacity addition, new capacity additions for run-of-river hydro 

are subtracted (applying a capacity credit factor) each year from the total demand for new 

base load capacity. In the case of pumped storage hydro, new capacity additions are deducted 

from annual requirement for new peak load capacity. 

Other renewable energy technologies 

Other, somewhat less significant renewable energy technologies, such as geothermal power 

and concentrated solar power, are not part of the investment modelling exercise. 

Table 17 shows the new capacity additions made for renewable energy. These data are entered 

exogenously into the model for the time horizon of the analysis, according to electricity 

market region. Note that negative values of investment reflect retirement of capacity. 

                                                           
77

 To deal with daily and seasonal variations in stream flow, storage ponds (“pondage”) may be built, such that 
during high or normal flow a portion of the stream diverted to storage to be released during periods of low 
flow. 
78

 Generally with pondage 
79

 The most attractive sites are, for the most part, already exploited 
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Table 17: Projected new renewable energy capacity investment (MW) for the model time horizon  

Year 
Region 1 Region 2 Region 3 Region 4 

HY_PS HY PV WTG WTGO HY_PS HY PV WTG WTGO HY_PS HY PV WTG WTGO HY_PS HY PV WTG WTGO 

2008 883 -554 2856 4042 128 0 0 95 644 0 0 290 7 805 209 64 54 443 2619 0 

2009 931 -548 4435 4539 154 0 0 372 928 0 0 444 9 1025 299 65 54 1025 3072 0 

2010 981 -543 6885 5098 185 0 0 1449 1336 0 0 680 13 1305 428 66 54 2371 3605 0 

2011 220 202 5923 4142 388 0 254 269 1977 0 0 50 90 1467 590 1154 75 549 2372 0 

2012 220 215 4422 3947 1137 0 215 276 2170 0 0 40 140 745 670 256 537 495 2372 0 

2013 420 15 4446 3496 1924 0 301 365 2147 0 0 40 210 958 1036 0 40 386 1431 0 

2014 220 232 4520 4010 1919 0 281 423 1852 0 0 40 240 934 980 171 171 406 1430 50 

2015 220 234 4571 3569 1910 0 369 351 1863 0 0 40 340 1413 1050 991 50 445 1931 125 

2016 220 294 4674 3541 2655 0 206 293 1435 205 0 40 330 1291 1310 2784 348 491 1431 350 

2017 221 311 4718 3252 2812 300 -53 278 1482 200 0 40 320 1401 1664 660 355 536 1430 500 

2018 1626 -1070 4791 3218 2981 0 208 321 1360 90 0 40 320 1798 1603 318 60 571 1931 500 

2019 220 360 4834 3265 3178 880 -698 325 1432 180 0 40 320 1095 1504 86 110 624 1630 750 

2020 220 390 4878 3378 3360 0 307 366 1400 650 0 50 320 1790 1712 0 123 687 1431 800 

2021 223 121 6179 3344 3662 0 149 392 1386 709 0 47 544 1772 1866 223 197 723 1417 872 

2022 225 121 6747 3311 3992 0 151 422 1372 772 0 48 655 1754 2034 225 199 779 1403 950 

2023 228 122 7368 3278 4351 0 152 453 1358 842 0 49 788 1737 2217 228 200 839 1388 1036 

2024 230 122 8046 3245 4743 0 153 488 1345 918 0 50 948 1719 2417 230 202 904 1375 1129 

2025 232 122 8787 3212 5170 0 155 524 1331 1000 0 51 1140 1702 2634 232 204 974 1361 1231 

2026 234 122 9595 3180 5635 0 156 564 1318 1090 0 52 1372 1685 2871 234 206 1049 1347 1342 

2027 237 123 10479 3149 6142 0 158 607 1305 1188 0 53 1651 1668 3130 237 208 1130 1334 1462 

2028 239 123 11443 3117 6695 0 159 652 1292 1295 0 54 1986 1652 3411 239 210 1217 1320 1594 

2029 241 123 12496 3086 7298 0 161 702 1279 1412 0 55 2389 1635 3718 241 212 1311 1307 1738 

2030 244 123 13646 3055 7954 0 162 755 1266 1539 0 56 2874 1619 4053 244 213 1412 1294 1894 

Total 8935 759 156741 81474 78374 1180 2947 10742 33278 12089 0 2345 17006 32971 41406 8947 4081 19368 40231 16323 
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B. Carbon Capture and Storage Technology 

Carbon capture and storage (CCS) is an emerging technology, applied in conjunction with 

fossil-fuel based
80

 power generation technologies. It involves the separation and collection or 

capture of CO2 from fossil fuels, its compression or liquefaction and subsequent 

transportation (by pipeline, ship, or road tankers) to a suitable underground geological 

formation, where it is injected and stored away from the atmosphere. Although CCS is not yet 

at the level of commercial-scale development, a number of technologies exist, generally 

differentiated by the CO2 capture process used. The three main options for capture are: pre-

combustion, post- combustion, and oxyfuel combustion capture. Capture rates are quoted to 

be in the range of 85-98%, depending on the technology and time horizon
81

 ((IEA, 2010); 

(Global CCS Institute, 2011); (ECF, 2010)). The process of CO2 capture generally comes with 

a penalty on energy conversion efficiencies, due to parasitic energy losses associated with 

CCS equipment (e.g. the need to use energy to operate CO2 compression equipment). Penalty 

rates also vary according to the technology. Current efficiency penalties, according to Global 

CCS Institute (2011) are 20% for pre-combustion capture and 30% for post-combustion 

capture – at a 90% CO2 capture rate – and 23% penalty for oxy-fuel combustion (capture rate 

unspecified but at least 90%); these are expected to decrease in time with the future 

development of the technology. In (ECF, 2010) a general efficiency penalty of 20% is applied 

for future CCS investments (2020 onwards), with no technology distinction.  

CCS can be built into a plant from its initial construction or can be applied to existing 

installations, so called CCS retrofit. Because of the efficiency penalty of CO2 capture, 

however, retrofit only makes sense for plants with relatively high efficiency – according to 

(IEA, 2010), plants with efficiencies of 40% for coal-fired plants and 55% for gas power 

plants – that is, relatively new plants. As regards new CCS-equipped coal and gas plants, the 

European Commission’s Climate and Energy Package (EC, 2008a) foresees the setting up of a 

network of CCS demonstration plants by 2015, with the aim of the first commercial CCS 

plants on the market as early as 2020. The deployment of retrofit applications can be expected 

to occur in parallel with new CCS plants, and thus in accordance with the same time horizon.  

                                                           
80

 It can also be used in conjunction with other carboniferous fuels, such as biomass; in this case it would be a 
negative-emitting power plant, since biomass is considered a carbon-neutral energy source at point of use  
81

 The higher capture rates, for both coal and gas plants, apply for oxy-combustion capture technology. Other 
technologies are typically quoted to have capture rates in the region of 85-90% 
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C. Learning or experience curves and their use in technology cost estimation 

 Box 3: Experience Curves & Technology Cost Reductions (based on (IEA, 2000)) 

Experience curves depict a quantitative relationship between the price of a technology and its 

cumulative production or use. They are used to describe the historical development and 

performance of technologies and provide a means for assessing its future prospects for 

improvement, as a basis for the formulation of long term technology strategies.  

The basic concept is that technology prices (costs) decrease with the level of experience 

accumulated within the technology industry; for energy technologies the latter is generally 

measured using worldwide cumulative installed capacities of the technology. 

The experience curve relationship is represented quantitatively as: 0 * E

tp p X   

Where (using the energy sector as an example): 

tp  = Price (cost) of a given technology in a given year, t  (€/MW) 

0p  = Price (cost) of the technology at 1MW of cumulative installed capacity (€/MW) 

X  = Worldwide cumulative installed capacity of the technology in the year, t (MW) 

E  = Experience parameter (a positive number) 

The experience parameter characterises the extent to which technology prices (costs) decrease in 

accordance with cumulative installed capacities; high values indicate a greater rate of price (cost) 

reduction. Typically the literature refers to progress ratios or learning rates, rather than experience 

parameters. With a doubling of cumulative installed capacity, the progress ratio is the fraction that 

the new technology price (cost) represents (after the doubling of capacity), compared to its previous 

level (before the doubling). The learning rate is the percentage reduction in technology price (cost) 

with each doubling of cumulative installed capacity. The relationship between the experience 

parameter, progress ratio and learning rate are given by:  

1 1 2 ELR PR      

Where: 

LR  = Learning rate 

PR = Progress ratio 
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VI. GENERAL CONCLUSIONS 

The model produces reasonable results compared to verified data, although the results are 

shown to be sensitive to electricity demand, and, in the case of the short-term, relative coal 

and gas fuel prices. 

Application of the model to the short-term (Phase II of the EU ETS) show that two main 

factors are at work in terms of emissions-price dynamics: the downward push on demand (and 

thus emissions) from the pass-through of EUA prices to electricity prices; and the change in 

technology preference (merit order) from coal-based to lower-emitting gas-based, but also 

biomass-based, technologies with increasing EUA prices. The most significant impact from 

technology-switching on the emissions-EU ETS price dynamic is from coal-gas switching, 

which occurs progressively over a specific EUA price band (of width 10 €/tCO2) versus at a 

single “switch price” as is often quoted by market actors. The short-term results of the model 

in terms of technology choice for production and consequent emissions are shown to be 

sensitive to gas prices (namely, if gas prices are lower than specified in the model, there will 

be even greater switching from coal to gas, and thus lower emissions, than that obtained by 

the model in its current configuration). The emissions results of the model in the short-term 

corroborate general market estimations of a long Phase II, but indicate that there is still some 

abatement taking place in the electricity sector, as actors are guided by longer term 

anticipations, where the emissions reduction objective are almost certain to be stricter, and by 

uncertainty as to future abatement costs and needs. Indications from the model results are that 

this abatement could easily be as much as 100 MtCO2 at carbon prices around 10 €/tCO2 and 

most likely more, up to an additional 500 MtCO2, since lower emitting gas-based 

technologies increase in competitiveness and merit order preference , compared to coal-based 

technologies, at around the 20 €/tCO2 mark. 

The short-term emissions-price dynamic of the electricity sector has clearly been impacted by 

the recent German decision to withdraw 8 GW of nuclear capacity from service. The situation 

has resulted in increased production from fossil-based capacity and a consequent downward 

shift in the short-term (Phase II) emissions abatement curve of between 50 and 80 MtCO2. 

The abatement potential of the power sector in the short-term, however, is limited by the 

existing technology configuration of the park. Achieving higher levels of emissions 
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reductions over the longer term, in line with EU targets, requires making changes in the 

power park, which can only be realised through investment. 

Application of the model to the longer term (to 2030) shows the technologies which emerge 

under various EUA-price anticipations, and how the overall park capacity mix, production 

mix, and emissions profile of the sector change over time. The results show that, irrespective 

of EUA prices, CCGT is the dominant technology for new capacity investment to 2030 as it is 

the most favourable option for intermediate load requirements, which dominate new capacity 

needs for the period. Regional circumstances are shown to play a role in the overall outcome: 

investment capacity needs of central Europe (Germany, France, and Italy in particular) 

dominate the overall investment mix at EU level. At the same time, the results show that EUA 

prices do play a role in shifting the investment technology preference away from higher-

emitting technologies such as coal towards lower-emitting ones, such as CCGT and biomass, 

and facilitates the emergence of CCS-based coal technology. The impact is also to be seen in 

the production mix, where the investments in CCGT, biomass and CCS-based coal all 

manifest themselves in the least-cost production mix. Compared to the short-term case, 

therefore, the presence of gas in the least-cost production mix is much more dominant at the 

outset and there is much less of a case for switching from coal to gas; as such, lower natural 

gas prices have relatively little effect on the model outcome (technology mix and emissions) 

compared to the short-term case.  

The overall impact is a shift downwards in the overall long-term emissions-price curve of the 

sector compared to the short-term which is based on a “static” park.  

An important limitation of the analyses lies in the assumptions made regarding renewable 

energy policies, which promote investment in renewable energy sources (RES) and thus 

overlap, or “assist”, in electricity sector emissions reductions.  In fact, the results show that 

the expected (exogenously entered) investment in RES to 2030 plays a large role in the 

achievable emissions reductions over that time period. However, it is not certain that current 

RES policies will continue to exist indefinitely, and indeed endogenous EU ETS-price 

dependent modelling of investment in RES may be a more relevant approach in the future.  

Finally, in terms of the implications of uncertainty regarding future carbon prices on the 

production costs of the electricity sector, the results show that the electricity sector is likely to 

find it less risky to adopt an investment strategy based on a relatively low EUA price. This 

would not be consistent with the attainment of EU ETS or sector reduction targets, and opens 



Abatement and evolution in the European electric power sector in reaction to the EU ETS carbon price 

signal 

Doctoral thesis: Suzanne Shaw Page 185 

up the sector to greater cost risk in the case where the economic situation in the future differs 

(improves) compared to that which Europe has been experiencing since 2008.  

The current work would benefit from a number of improvements or extensions which include: 

explicit representation of the baseline electricity demand as a function of for instance macro-

economic growth and energy prices; country- rather than regional- level representation of the 

electricity sector; endogenous representation of investment in renewable energy technologies; 

the incorporation of a risk premium, associated with emerging technologies (namely, CCS-

based technologies) in the investment decision; incorporation of a risk premium, associated 

with the uncertainty of long-term EUA prices; explicit modelling of CER prices (CER 

module) and linking, together with the emissions abatement curves, to a price resolution 

module (as it is envisaged to do in the future). Other avenues of research include the 

consideration of alternative market structures to perfect competition (for instance, market 

power on the part of one of the sectors i.e. a Cournot structure). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


