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RESUME

Cette these étudie les conditions d’efficacité d'un portefeuille de politiques
pour réduire les émissions de gaz a effet de serre du secteur électrique. Il
est montré qu’en présence d’incertitude, le prix du carbone issu d’un mar-
ché de permis d’émissions peut ne pas entrainer suffisamment de réduc-
tions d’émission, justifiant I’ajout d"une politique au marché de permis, par
exemple une subvention renouvelable. Dans le cadre d’une transition vers
une production électrique décarbonée, I'accumulation du capital électrique
génere des effets dynamiques complexes. Il est montré que I'utilisation naive
du signal-prix du carbone ou de criteres statiques pour évaluer les investis-
sements peut alors conduire & un sous-investissement en capital vert. L’effet
d’une modification a la marge du portefeuille de politiques actuel est égale-
ment étudié. Il est montré en particulier que si on suppose une seule tech-
nologie de production fossile a taux d’émission constant, contrainte par un
plafond d’émissions — donc toutes les réductions d’émissions proviennent
des renouvelables — augmenter a la marge le tarif d’achat renouvelable ré-
duit le prix de 1’électricité percu par le consommateur, et ce paradoxalement
méme si la taxe a la consommation nécessaire pour financer le tarif aug-
mente. Cette thése réalise enfin une évaluation qualitative du portefeuille
actuel de politiques climat-énergie en France. Cet examen montre que les
multiples défaillances du prix du carbone justifient l'utilisation d’une com-
binaison de politiques, méme si le portefeuille cible varie en fonction des
hypotheéses sur les trajectoires du prix du carbone.

ABSTRACT

This thesis contributes to the literature on optimal policy choice. It studies
the use of policy combinations to mitigate greenhouse gases emissions from
electricity production. One finding applies to cases where uncertainty is
such that the risk of a nil carbon price cannot be excluded. A cap on emis-
sions alone may then not trigger enough abatements, justifying the addition
of e.g. a renewable subsidy. When considering a transition toward a carbon-
free electricity sector, capital accumulation causes complex dynamic effects
to happen. We find that decisions taken by comparing the levelized costs
of abatement technologies, even including carbon costs, would favor inter-
mediate technologies (e.g. gas plants) to the detriment of more-expensive
but lower-carbon technologies (renewable power), leading to a suboptimal
investment schedule. This thesis also studies the effects of marginal policy
changes in a mix comprising the main French instruments. We find that
surprisingly, adding a tariff for renewables financed by a tax on electricity
consumption to a cap on emissions and a subsidy for energy efficiency will
reduce the consumer electricity price when the non-renewable production
is fixed and does not depend on the carbon price. The assessment of the
French climate policies in the electricity sector shows that overlapping poli-
cies for mitigation may be justified by multiple carbon price failures, even if
the ideal long-term policy mix depends on the carbon price trajectory.
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INTRODUCTION GENERALE

LE BESOIN D'UNE TRANSITION ENERGETIQUE

La combustion d’énergies fossiles, au méme titre que les changements d’usage
des sols et certains procédés industriels, entraine une augmentation des
concentrations en gaz a effet de serre (GES) a 'origine d’un réchauffement
climatique. Le Groupe d’experts intergouvernemental sur ’évolution du cli-
mat (GIEC) reléve ainsi dans son quatrieme rapport (IPCC 2007) qu’entre 1970
et 2004, les émissions annuelles de GES ont augmenté de +70 %. Mainte-
nir le réchauffement climatique en dessous de 2 °C va nécessiter de diviser
par deux les émissions de GES mondiales d’ici a 2050. Cela n’est possible
qu’en réduisant considérablement le recours aux énergies fossiles, qui re-
présentent pres de 82 % des émissions globales de GES en 2010 (Peters et al.
2012, IEA Statistics 2011).

La production d’électricité en représente a elle seule 34 % au niveau mon-
dial, une part en hausse de pres de 8 points depuis 2004. Au sein de 'Union
Européenne (UE) également, en dépit d'une baisse continue depuis 1990 de
l'intensité énergétique — calculée comme le rapport de 1'énergie primaire
consommée sur le produit intérieur brut (cf. la représentation de l'inten-
sité énergétique des plus gros pays membres de I'UE sur la Figure 0.1) —
la consommation d’électricité a crti sur toute cette période jusqu’a la crise
économique de 2009 (cf. Figure o.2).

La consommation d’électricité semble se stabiliser depuis 2009, mais la
tendance a long terme reste soumise a des facteurs technologiques et éco-
nomiques incertains. De nombreux scénarios de transition prévoient une
hausse de la consommation d’électricité, entrainée par 1’électrification de la
mobilité, ou le développement de technologies de séquestration du carbone,
relativement électro-intensives.

De plus, pour les gouvernements, les enjeux d’une transition énergétique
réussie vont au-dela du changement climatique. Ainsi qu’ils 'ont annoncé
lors de communications récentes (DGEC 2013, EU 2011c), le Ministere francais
de I'environnement et la Commission européenne espérent en effet atteindre
d’autres objectifs en réduisant la consommation d’énergies émettrices de
GES et en développant la consommation d’énergies décarbonées. Dans la
promotion de la transition vers une production électrique décarbonée, lutter
contre le changement climatique va ainsi de pair avec :

combattre la précarité énergétique,
réduire la dépendance énergétique,
développer des technologies pour 1’avenir et ainsi

améliorer a long terme la compétitivité des industries locales et le pouvoir
d’achat des ménages.
Réduire les émissions de GES du secteur électrique

Réduire I'utilisation de sources d’énergies fossiles pour la production d’élec-
tricité est un défi a plusieurs titres. Les scénarios de décarbonisation du

1. Voir par exemple la Roadmap 2050 de la Commission Européenne (EU 2011a;c), ou encore
les scénarios d’Eurelectric (Eurelectric 2011) et de I’AIE (IEA 2012).
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secteur électrique conduisent pour la plupart a une réduction quasi com-
pléte de ses émissions d’ici a 20502, ce qui aura pour conséquence dans cer-
tains cas la fermeture de certaines centrales émettrices encore rentables en
I'absence d’internalisation du cotit du changement climatique. La France a
ainsi fixé dans sa loi d’orientation de la politique énergétique (la loi POPE :
Sénat 2005) un objectif de division par 4 de ses émissions d’ici 2050. Par
ailleurs, les contraintes techniques de production et de distribution d’élec-
tricité nécessitent 1'utilisation d’un bouquet de technologies diversifié, avec
pour conséquence principale le fait qu’il n’existe pas de panacée, aucune
technologie ne pourra apporter de solution seule.

En France, la production d’électricité est déja en grande partie décarbonée
(Figure 0.3a). En 2012, elle a été assurée a 76 % par le nucléaire, a 11 % par
I'hydraulique, un peu moins de 10 % par le thermique classique, 2,7 % par
Iéolien et 0,7 % par le photovoltaique dont la part a presque doublé entre
2011 et 2012 (Louati et al. 2013). La production d’électricité ne représente
ainsi que 15 % des émissions totale de GES (contre plus d'un quart au sein
de 1" UE-2y).

La proportion d’électricité produite & partir de sources fossiles n’a en re-
vanche pas beaucoup évolué depuis les années 1980, oscillant autour de
11 % (cf. Figure 0.3b). Le portefeuille de technologies fossiles est varié, com-
prenant des centrales thermiques treés émettrices (comme le fioul ou le char-
bon) et d’autres moins émettrices (comme le gaz). La part des éneregies
renouvelables est également restée relativement stable depuis les années 8o
(cf. Figure 0.4). La production d’électricité renouvelable est principalement
d’origine hydraulique, avec seulement un développement récent (bien que
rapide) des sources éoliennes et solaires.

Au niveau européen les technologies fossiles tiennent une part nettement
plus importante. Ainsi que le montre la Figure 0.5, chaque famille de com-
bustible (solides, nucléaire, gaz et renouvelables) compte pour approximati-
vement un quart de la production totale en 2010, avec une montée continue
et importante du gaz depuis les années 9o (qui progresse de 7 % a 24 % entre
1990 et 2010), et une baisse plus faible du charbon et du pétrole (qui voient
leur part baisser de respectivement 40 % a 25 % et 8 % a 3 % ). Le nucléaire
reste lui relativement stable autour de 30 % tandis que les renouvelables
progressent de 13 % a 21 %.

2. Voir la méta-analyse de Audoly et al. (forthcoming) ainsi que les scénarios référencés
dans la note 1.



0.0 LE BESOIN D'UNE TRANSITION ENERGETIQUE |

600

Thermique nucléaire
M Thermique classique?
Hydraulique, éolien et photovoltaique

0+ T " ) " T v T T
1970 1975 1980 1985 1990 1995 2000 2005 2010

(a) Toutes technologies par groupes de technologies

150 75
- M Divers (échelle de gauche)?
- Gaz naturel (échelle de gauche)
100. M Fiouls (échelle de gauche)* s

Charbon et lignite (échelle de gauche)
—0% de la production totale (échelle de droite)

.-.ll.--lIll—zs

50

PO LR P IEILFT LT EEFS &
I R P R R N P RPN

WA A A A
(b) Technologies fossiles

Ficure 0.3: Production d’électricité en France (en TWh). Tiré de SOES (2012).

Un bouquet de technologies peu émettrices

On le voit, 'atteinte des objectifs de réduction d’émission va nécessiter un
développement accru de technologies peu ou pas carbonées : renouvelables,
nucléaire, ou encore technologies d’efficacité énergétique, séquestration du
carbone, ou bien technologies de stockage de I'électricité. Certaines techno-
logies sont tout de méme émettrices, mais a moindre niveau que la moyenne
du portefeuille actuel. Ainsi, le remplacement des plus anciennes centrales
au fioul ou au charbon par des centrales au gaz de derniére génération per-
mettra de réduire les émissions globales de GES. Le champ des scénarios
possibles de transition énergétique est large (Magne et al. 2010). Ils ne sont
cependant pas tous équivalents.

Chaque technologie pose en effet des enjeux particuliers. Ainsi, de nom-
breuses technologies (comme les énergies renouvelables (ENR), la séquestra-
tion du carbone, le stockage de I'électricité) n’ont pas encore atteint leur
pleine maturité et leurs cofits actuels, encore élevés, ne refletent pas les ré-
ductions potentielles liées a la R&D et a l'apprentissage que leur dévelop-
pement pourrait générer. Le potentiel et la faisabilité d’autres technologies,
comme la séquestration du carbone, ne font pas encore consensus. La contri-
bution de ces technologies dans la production future d’électricité est incer-
taine et sujette a caution. D’autres technologies, dont certaines sont déja tres
développées, suscitent des débats quant a leurs risques intrinseques, tel le
nucléaire depuis la catastrophe de Fukushima.

La plupart des technologies de substitution (les renouvelables, le nucléaire,
ou bien encore les technologies de séquestration du carbone) ont des cofits
fixes par MWh installé plus élevés que les centrales thermiques tradition-
nelles. Comme le montre la Commission Européenne dans les exercices de
modélisation réalisés pour sa communication sur une transition vers une
économie décarbonée (la Roadmap 2050, (EU 2011c)), passer d'un mode de
production de I'énergie majoritairement fossile vers un mode majoritaire-
ment décarboné conduira ainsi a une hausse des cofits fixes et une baisse
des cofits variables. Par ailleurs, de nombreuses technologies vont devoir
étre accompagnées d’investissements en infrastructure importants pour ré-
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Ficure 0.4: Production d’énergie primaire en France a partir de technologies re-
nouvelables thermiques (bois énergie, déchets, biocarburants) et électriques (éolien,
solaire, hydraulique), en tonnes équivalent pétrole. Tiré de Louati et al. (2013).

véler leur plein potentiel. A terme, cela pourrait signifier un systéme éner-
gétique moins coliteux, mais cela exacerbe également temporairement le
besoin en capitaux pour financer cette transition, dans un contexte de crise
économique.

Le maintien de la fiabilité de la fourniture d’électricité va nécessiter de pa-
nacher les investissements réalisés. La plupart des technologies décarbonées
sont moins flexibles ou moins fiables que les technologies fossiles existantes.
Le nucléaire ne peut s’adapter a la puissance appelée aussi rapidement que
d’autres technologies. Certaines technologies renouvelables (éolien, solaire)
sont dépendantes de contingences climatiques, produisent de I'électricité de
maniére intermittente et parfois difficilement prévisible. La gestion de cette
intermittence va devenir problématique avec I'augmentation de la part de
technologies peu flexibles dans le portefeuille de production et va générer
des besoins de réserves. Bien que certaines technologies renouvelables ré-
pondent aux criteres de fiabilité et de flexibilité pour sécuriser le systeme
électrique (comme I’hydraulique, la biomasse) ou que d’autres technolo-
gies non émettrices permettraient d’atteindre le méme résultat (stockage de
"électricité ou du carbone), aucune ne possede le potentiel nécessaire pour
répondre a toutes les situations au niveau européen.

Des contraintes dynamiques fortes

Le secteur électrique est fortement capitalistique. Quelles que soient les tech-
nologies choisies, toute transformation implique des investissements impor-
tants en capacités de production, de transport, de distribution et de consom-
mation. La transition énergétique ne peut se faire que sur une échelle de
temps conséquente, en prenant en compte l'inertie liée a I'accumulation du
capital ainsi que les divers effets d’apprentissage, effets d’échelle et valeurs
d’option générés dans le temps. L'électricité est un bien non stockable (en
I'état actuel des technologies ou a des cofits prohibitifs) et essentiel, ce qui
signifie que la production doit étre en constante adéquation avec une de-
mande parfois treés variable. L'intermittence des renouvelables, qui ont une
priorité d’acces au réseau, accentue ce probleme.

Cette theése va se concentrer sur une partie de ces problemes, laissant
d’importantes questions de coté pour des recherches ultérieures. Nous nous
intéresserons aux stratégies a mettre en place pour atteindre les objectifs de
réduction d’émissions dans le secteur électrique tout en tenant compte de
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Ficure 0.5: Part en % de I'électricité par type de combustible dans I'Union Euro-
péenne. Tiré de EU (2012).

ces diverses contraintes.3 Pour mener a bien une transition énergétique, il
faudra en effet arbitrer entre colits a court terme et bénéfices a long terme,
tout en garantissant 1’équilibre entre technologies et satisfaction de la de-
mande, sans chercher a imposer une solution technique unique.

LE CHOIX D'UN PORTEFEUILLE DE POLITIQUES

Donner une valeur aux émissions de GES

Un enjeu majeur de la transition vers une économie décarbonée — quels
que soient les secteurs considérés — est I'internalisation des dommages liés
aux changements climatiques dans les comportements de consommation
et d'investissement des agents. La théorie économique prédit que dans un
cadre idéal, 4 la manieére la moins cotteuse d’atteindre une cible donnée de
réduction d’émissions est de donner une valeur aux émissions de GES, cor-
respondant aux dommages marginaux, afin de décentraliser au niveau des
entreprises les décisions d’investissement dans les technologies bas-carbone,
sous la forme d’une taxe pigouvienne (Pigou 1920). Dans un tel cadre, toute
mesure supplémentaire visant a réduire les émissions de GES augmenterait
ainsi les cofits pour la société.

En l'absence de cofits de transactions et en dans un cadre certain, cette
taxe pigouvienne est équivalente a la détermination de droits de propriété
sur la pollution, en l'occurrence des droits d’émissions de GES, d’apres le
théoréme de Coase (Coase 1960). Ces droits a polluer, en étant ensuite di-
rectement échangés entre les agents (pollueur ou simple consommateur vic-
time de la pollution), éviteraient ainsi une intervention publique qui serait

3. Lensemble des chapitres considérent une contrainte sur les émissions du secteur élec-
trique, ainsi qu'une contrainte de satisfaction instantanée de la demande. Le Chapitre 3 traite
en outre de diverses problématiques liées aux contraintes dynamiques d’investissement et de
production. Nous laissons de co6té deux mécanismes tres structurants dans les problématiques
d’investissement au sein du secteur électrique : les effets d’apprentissage, déja largement traités
dans la littérature (cf. ci-dessous), ainsi que les problémes liés a I'intermittence des technologies
renouvelables, encore peu traités mais qui nécessitent un bagage méthodologique spécifique
(cf. la revue de littérature et la discussion faite par Ambec and Crampes (2012)).

4. Ce cadre idéal suppose une concurrence pure et parfaite (soit atomicité des agents, ho-
mogénéité des produits, transparence de l'information, libre entrée et sortie sur le marché,
libre circulation des facteurs de production) sur les différents marchés considérés, et en par-
ticulier les marchés électriques. Ces derniers sont pourtant notoirement enclins aux pouvoirs
de marché David and Wen (2001). Cette theése se focalise sur des questions de politique envi-
ronnementale optimale, et laisse de coté de telles questions pourtant centrales. Ce cadre idéal
suppose également 1'absence de défaillances et d’externalités supplémentaires, comme il sera
discuté plus loin, ainsi que I'absence d’incertitude, comme le montre le Chapitre 2.
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cotliteuse et incertaine en cas de mauvaise anticipation du niveau de dom-
mage marginal. Un marché efficace de permis d’émissions, ot I'ensemble
des agents serait prét a révéler son estimation privée de la valeur des dom-
mages environnementaux liés aux émissions de GES parait en revanche peu
crédible, tant les coftits de transaction sont en réalité élevés lorsque les agents
sont nombreux et atomisés. Le marché de permis d’émissions mis en place
par I'UE (European Union Emission Trading System (EU-ETS) en anglais), dé-
crit dans le Chapitre 4, s’en rapproche, mais pour un nombre d’acteurs res-
treint aux plus gros émetteurs industriels.

Cette valeur du carbone, signalée via une taxe ou via un prix issu d'un
marché de permis d’émissions, devrait permettre de réduire les émissions
de GES par trois canaux (Neuhoff 2008) :

L’accroissement du cofit des ressources les plus carbonées (énergie ou biens
intermédiaires) incite a une réduction de leur utilisation au profit de res-
sources moins polluantes, a capacité de production égale (le fuel-switch).

La meilleure rentabilité de technologies peu émettrices incite a investir et a
utiliser des options qui ne seraient pas rentables en absence de signal sur la
valeur des émissions évitées.

L’anticipation de la contrainte future sur les émissions de GES incite a réali-
ser des investissements supplémentaires en R&D, permettant I'émergence de
nouvelles technologies bas-carbone.

Une autre possibilité d’action des pouvoirs publics pourrait consister en
une régulation directe des usages ou bien en une interdiction pure et simple
des technologies les plus polluantes. Mais avec une telle approche, le régula-
teur serait contraint de gérer les émissions et donc les niveaux de production
d’une grande partie de I'économie, et de maitriser tous les aspects de l'utili-
sation d’énergies carbonées. La mise en place d'un grand nombre de telles
contraintes est contraire au principe de libéralisation des marchés préconi-
sée par 'UE. Elle parait de plus illusoire, si on considere que c’est au niveau
des entreprises et des agents économiques que se trouve la connaissance
fine des gains d’efficacité potentiels.

Combiner des instruments de politique climat-énergie

Les écarts au cadre idéal évoqué précédemment sont nombreux, créant au-
tant de situations ott l'allocation des ressources n’est pas optimale. La pré-
sence d’externalités d’apprentissage peut conduire a un sous-investissement
en recherche ou en capacité de production. Un pan trées riche de la littérature
économique est consacré a la problématique de cette double défaillance de
marché : le changement climatique et le défaut d’appropriation des pleins
bénéfices issus d’investissements en recherche ou en déploiement de tech-
nologies immatures (Fischer et al. 2003, Jaffe et al. 2005). La présence de
cette défaillance supplémentaire nuit au bon développement des technolo-
gies bas-carbone, méme en présence d'un signal-prix sur les émissions de
GES. Cela justifie la mise en place de subventions pour la recherche et le
déploiement de telles technologies (voir par exemple Popp et al. (2009) ou
Stavins et al. (2004)). La présence d’effets d’apprentissage et l'innovation
influent sur les trajectoires optimales de transition, en rendant des inves-
tissements précoces plus favorables ou au contraire plus cofiteux, selon le
type d’externalité d’apprentissage considéré (voir par exemple 1’analyse de
Goulder and Mathai (2000)).

Les défaillances des marchés de permis d’émission ou de 1’électricité,
comme le manque d’information dont disposent les ménages sur le cotit de
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leur consommation pour la société (Jaffe et al. 2004), peuvent pervertir les
décisions de production et d’investissement. Les problemes principal-agent
peuvent avoir le méme effet pour les investissements d’efficacité énergétique
(Gillingham et al. 2012) et peuvent empécher la réalisation du potentiel exis-
tant et rentable de réduction d’émissions et de gains d’efficacité. Ces dé-
faillances constituent autant de justifications pour une action correctrice de
la part du régulateur.

L'ensemble des pays membres de 'UE ont mis en place des portefeuilles
de mesures visant a la fois a réguler l'offre et la demande d’énergie, afin
d’atteindre leurs objectifs de politique climatique ainsi que d’autres gains
attendus de la transition énergétique comme la sécurité énergétique ou le
développement économique. L'UE a de ce fait annoncé en 2008 la stratégie
du « 3x20 », projetant la baisse des émissions de GES et de la consommation
d’énergie de 20 % et 'augmentation de la part d’ENR a 20 % de la production
totale d’énergie d’ici 2020 (EU 2008a;b; 2011b). Au marché de permis d’émis-
sions mis en place au niveau européen s’ajoute un ensemble de mesures
visant a réguler les marchés de 'énergie, a développer les ENR, a promou-
voir 'efficacité énergétique (EE), a réorienter I'innovation en général ainsi
qu’'un cadre de coopération pour développer des infrastructures de grande
taille (CPI 2013).

Atteindre les cibles climatiques de long terme

Les obstacles a I'arrivée de nouvelles technologies ou a I'entrée de nouveaux
producteurs d’électricité, ou bien encore les difficultés d’acces aux capitaux
peuvent empécher 1'émergence de nouvelles technologies prometteuses, et
peuvent faire obstacle aux investissements stratégiques nécessaires pour 1’at-
teinte des potentiels de long terme des technologies les plus capitalistiques.
Les renouvelables auront ainsi plus de valeur (au niveau social) si plusieurs
technologies avec des sources différentes, ou bien plusieurs régions ayant
des fluctuations décorrélées, sont utilisées (Nagl et al. 2013). Des techno-
logies d’information aupres des consommateurs, ou bien d’optimisation du
réseau comme les compteurs intelligents, n’auront d'impact que si elles sont
déployées pour une part suffisante du marché.> L'atteinte des objectifs an-
noncés par 1'UE et la France est ainsi incertaine. La part de renouvelables en
2010 était juste en dessous de 1’objectif annoncé. De la méme fagon, réduire
la consommation finale d’énergie en France de 1,5 % par an, notamment en
rénovant 500 ooo batiments par an, parait trés ambitieux.

L’accumulation de capital et 'accumulation des émissions dans 1’atmo-
sphere induisent des inerties dont il faut tenir compte dans la détermination
des trajectoires d’investissement et de production. En particulier, des effets
de congestion dans les investissements dans des technologies particulieres
doivent étre pris en compte pour déterminer la trajectoire optimale d’inves-
tissement. La représentation de ces effets dans les modeles d’investissement
du secteur électrique en est a ses balbutiements, se résumant pour 1'’heure
en de simples bornes sur les vitesses d’investissement dans les modeles nu-
mériques (voir par exemple le modele MARKAL : (Fishbone and Abilock 1981,
Loulou 2008)).

5. Un livre de Grubb, Hourcade and Neuhoff a paraitre détaille ces différents piliers de
'action publique (Grubb et al. 2014).
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Anticiper les effets de lincertitude

L'incertitude qui pése sur plusieurs variables clés de décision, des dom-
mages dus au changement climatique au niveau de croissance économique
en passant par le développement de technologies zéro carbone, complique
encore la détermination du portefeuille optimal d’instruments pour réduire
les émissions de GES. L'article de Weitzman (1974) a initié une vaste littéra-
ture sur les mérites comparés d’instruments fondés sur les prix, sur les quan-
tités ou mixtes, en fonction du type et du degré d’incertitude considérés.
Le marché de permis d’émission Européen est le fruit de ces recherches,
un instrument hybride qui combine des caractéristiques d’instrument prix
et quantité (Convery 2009), mais dont 'efficacité reste sensible & plusieurs
facteurs incertains.

Les instruments des politiques climat-énergie sont ainsi sensibles au con-
texte économique. L'incertitude régulatoire et économique qui pése sur les
industries fortement émettrices (donc les plus sujettes a la régulation en-
vironnementale) réduit 1’efficacité des instruments en place, en accroissant
le risque — donc le cofit, des investissements bas-carbone encore a réaliser
(Durand-Lasserve et al. 2011). Le prix des permis d’émissions s’est effondré
sous l'effet conjugué de la récession économique et des déclarations de po-
litiques contraignantes pour les ENR et I'EE (Neuhoff et al. 2012), ce qui fait
craindre la non-atteinte des objectifs de réduction de GES dans les temps.

L’incertitude sur le niveau de production des technologies renouvelables
intermittentes constitue un autre élément influant sur 'efficacité d’un porte-
feuille donné d’instruments de politique climat-énergie. Ambec and Crampes
(2012) montrent ainsi que les rigidités actuelles des marchés électriques (prix
régulés, priorités d’accés au réseau) vont empécher la mise en place d'un
portefeuille de production efficace si des instruments adaptés ne sont pas
mis en place.”

MOTIVATIONS ET QUESTIONS DE RECHERCHE

Cette these s’intéresse au choix et a l'efficacité des portefeuilles d’instru-
ments de politique climat-énergie mis en place pour assurer une transition
vers un secteur électrique décarboné. Elle étudie ces questions en dévelop-
pant des outils de modélisation adaptés, et s’organise autour de quatre cha-
pitres relativement autonomes, mais dont les problématiques sont liées. La
these s’articule ainsi autour de cinq questions de recherche transversales
principales.

Un prix du carbone est-il suffisant pour déclencher une transition décarbonée,
dans un cadre incertain et dynamique ?

La littérature décrit déja un certain nombre de circonstances dans lesquelles
le signal-prix du carbone est défaillant (présence d’externalités multiples,
biais cognitifs, etc.). Les défaillances découlant de la prise en compte d'une
incertitude importante du niveau de la demande d’énergie (entrainant un

6. Voir par exemple Ambec and Coria (2012), Creti and Sanin Vazquez (2011), Hepburn
(2006), Hoel (2012), Kalkuhl and Edenhofer (2010), Mandell (2008), Quirion (2005).

7. Ce probleme, bien que central dans la détermination d'un portefeuille de politiques cher-
chant a atteindre un niveau conséquent de production décarboné, ne sera pas traité dans cette
theése. Il nécessite 1’élaboration et 1'utilisation d’outils spécifiques, et ne peut étre correctement
représenté au moyen des modeles développés dans cette these. Cette question pourrait cepen-
dant faire 1’objet d’extensions intéressantes des chapitres existants.



0.0 MOTIVATIONS ET QUESTIONS DE RECHERCHE |

risque de prix nul du carbone) et de la prise en compte d’effets de congestion
dans les investissements du secteur électrique font cependant encore défaut
dans la littérature existante. Ces éléments constituent-ils des défaillances
supplémentaires ? Quel est leur impact sur le signal-prix carbone? En leur
présence, le signal-prix du carbone assure-t-il une trajectoire optimale d’in-
vestissement dans les technologies de réduction d’émission ?

La mise en place d’instruments additionnels de promotion de technologies de
réduction d'émissions est-elle justifiée par les défaillances du prix du carbone ?

De multiples défaillances du prix du carbone, déja bien identifiées dans la lit-
térature, justifient la mise en place d’instruments supplémentaires destinés a
les corriger. Dans quelle mesure les défaillances identifiées dans cette these
— une incertitude importante sur la demande d’électricité et la présence
d’effets de congestion sur les investissements — peuvent-elles étre corrigées
par des instruments de promotion des renouvelables et de 'efficacité éner-
gétique ajoutés au prix du carbone? En d’autres termes, ces défaillances
justifient-elles la mise en place d’instruments spécifiques comme un tarif
d’achat renouvelable ou une aide a I'investissement en capital efficace ?

Quels sont les impacts des instruments de promotion de technologies de réduc-
tion d'émissions ajoutés au prix du carbone?

De fait, les Etats déploient déja un portefeuille d’instruments incluant des
instruments de promotion des renouvelables et de l'efficacité énergétique
pour atteindre leurs objectifs de lutte contre le changement climatique. Ces
instruments interagissent via les marchés électriques et le marché de permis
d’émissions. Quels sont les impacts de ces instruments additionnels sur le
signal-prix du carbone? Quels sont leurs effets sur les variables clés du
systéme, tel que le prix a la consommation d’électricité ? Provoquent-ils des
transferts spécifiques de surplus entre agents, et leurs interactions ont-ils
des effets négatifs sur le bien-étre social (défini ici comme l'agrégation du
surplus des consommateurs et des producteurs) ?

Quelle est l'efficacité d’un portefeuille donné incluant des instruments de promo-
tion des renouvelables et de lefficacité énergétique pour réduire les émissions
de GES a long terme ?

Une fois les interactions entre instruments de politiques climat-énergie et
leurs effets sur les défaillances du prix du carbone identifiés, peut-on ca-
ractériser l'efficacité générale d'un portefeuille donné incluant un prix du
carbone et des instruments de promotion des renouvelables et de I'efficacité
énergétique pour atteindre une cible de réduction d’émissions ambitieuse et
durable ?

La France peut-elle se s’affranchir d'une partie de ses instruments ?

Etant donné le portefeuille francais actuel d’instruments de politique climat-
énergie, et son efficacité au regard d’un objectif ambitieux de long terme,
les instruments le composant y ont-ils tous leur place? Quels sont les ins-
truments les moins adaptés aux enjeux auxquels la politique climat-énergie
francaise va devoir faire face a 1’avenir ?
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PLAN ET APPORTS DE LA THESE

La these s’articule autour de quatre chapitres relativement autonomes pré-
sentant une question de recherche originale. Chacun développe une métho-
dologie propre pour y répondre.

. LE PREMIER CHAPITRE étudie l'efficacité d’une combinaison d’instruments

et 'influence d’une telle combinaison sur le signal-prix du carbone. Il étudie
les interactions ayant lieu entre un plafond d’émission (type EU-ETS), un ta-
rif d’achat renouvelable financé par une taxe a la consommation d’électricité
(type CSPE) et une subvention a 'efficacité énergétique sur le prix de 1’élec-
tricité au consommateur, le prix du carbone ainsi que le bien-étre social ® et
les transferts entre agents. Un modéle analytique d’équilibre statique du sec-
teur électrique est développé, décrivant de maniére explicite les coefficients
de variation des variables endogenes (prix et productions d’électricité) en
fonction des changements dans les instruments de politique climat-énergie.
I est montré que :

Pour un tel portefeuille d’instruments, trés courant au sein des pays de
I'UE (il mime en autres la situation de la France, de I’Allemagne, de I'ltalie),
I'ajout ou 'augmentation du tarif d’achat de 1’électricité d’origine renouve-
lable diminue le prix a la consommation de I’électricité, et ce en dépit du fait
que la taxe a la consommation augmente. Ce résultat tient lorsqu’on peut
faire I'hypothese que la production d’électricité non renouvelable est indé-
pendante du prix du carbone. Cela est en particulier faux si on considéere
plusieurs technologies de production non-renouvelable avec des intensités
d’émissions différentes (par exemple s’il y a beaucoup de nucléaire) ou si
on consideére la possibilité d’améliorations de l'efficacité d’émission de la
technologie fossile.

L’ajout d'un tarif d’achat provoque un transfert de la rente carbone vers
les consommateurs et les producteurs renouvelables. Lorsque les permis
d’émissions sont mis aux encheéres, le profit des producteurs fossiles est
inchangé par le tarif. Lorsque les permis sont distribués gratuitement, leur
profit diminue du montant du transfert.

La rente carbone suit une courbe en U en fonction du plafond d’émissions :
pour des plafonds relativement bas 1’augmentation du plafond augmente
la rente carbone, tandis que l'inverse est vrai pour des valeurs relativement
élevées du plafond.

. LE DEUXIEME CHAPITRE s’intéresse au choix optimal d’instruments dans

une situation contrainte ot le régulateur ne peut choisir qu’au sein d’un
portefeuille limité incluant un plafond d’émissions (type EU-ETS) et une sub-
vention renouvelable. Le chapitre cherche a apporter une justification a la
combinaison de plusieurs instruments pour réduire les émissions du secteur
électrique lorsque le niveau des cotits de réduction d’émissions est tres in-
certain. Un modele analytique du secteur électrique avec incertitude sur le
niveau de demande future est développé, avec une application numérique
au secteur électrique européen, contenant une analyse de sensibilité. Il est
montré que :

Lorsque l'incertitude sur la demande future d’électricité est suffisamment
élevée, le risque d'un prix du carbone résultant de 1'équilibre offre-demande
sur le marché de permis d’émissions égal a zéro ne peut étre écarté. Dans ces
circonstances, un portefeuille d’instruments incluant une subvention ENR est

8. Défini ici comme I'agrégation du surplus des consommateurs et des producteurs.
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plus performant qu'un plafond d’émission seul pour réduire les émissions
de GES. En d’autres termes, le prix du carbone ne suffit pas a garantir un
niveau suffisant de réductions d’émissions.

Les résultats numériques montrent que pour un ensemble raisonnable de
parametres, 1’ajout d’une subvention ENR de l'ordre de 3 a 10 €/MWh peut
augmenter le bien-étre social d"une dizaine a plusieurs centaines de millions
d’euros par an.

LE TROISIEME CHAPITRE examine la question de l'efficacité du signal-prix
carbone pour entrainer une transition vers une économie bas-carbone dans
un cadre dynamique. Un modele analytique en temps continu du secteur
électrique est développé, oul les centrales a charbon existantes, trés émet-
trices de GES, peuvent étre remplacées par du gaz de derniére génération
(partiellement décarboné) ou des renouvelables (totalement décarbonées).
La production électrique est soumise a une contrainte de demande instanta-
née ainsi qu’a une contrainte de politique climatique intertemporelle, repré-
sentée par un plafond sur les émissions cumulées. Des effets de congestion
sur les investissements sont représentés sous la forme de cofits convexes. Il
est montré que :

La prise en compte de l'inertie induite par 'accumulation de capital et par
les cofits convexes d’investissement conduisent a un résultat qui peut pa-
raitre contre-intuitif : sur la trajectoire optimale de transition, la technologie
zéro carbone (par exemple les ENR) est toujours construite a un cotit plus
élevé que la technologie bas-carbone (par exemple le gaz), méme en interna-
lisant la contrainte climatique au moyen d’un prix du CO,.

Les investissements zéro carbone peuvent commencer avant les investisse-
ments bas-carbone, méme si ces derniers sont moins chers par tonne de CO,
évitée.

La transition optimale vers un secteur électrique bas-carbone impose d’in-
vestir dans des centrales & gaz qui pourront étre sous-utilisées par la suite.

Le signal-prix carbone doit étre assorti d'une cible de long terme pour per-
mettre une anticipation parfaite de la trajectoire d’investissement optimale.

Une simulation numérique calibrée sur le secteur électrique européen est
également réalisée. Il est montré que pour le secteur électrique européen,
le cofit unitaire actualisé de l'électricité (LCOE) optimal est supérieur pour
I'éolien que pour le gaz. Cela suggere que le classement des technologies
par leur LCOE (ainsi qu’il est fait dans de nombreux manuels) induirait un
surplus d’investissements dans les centrales a gaz par rapport a I’optimum
social.

LE QUATRIEME ET DERNIER CHAPITRE dresse un bilan qualitatif des instru-
ments des politiques climat-énergie déployés en France. Aprées un bref pano-
rama historique de quarante années de politiques climat-énergie en France,
ce chapitre fat une revue de la littérature sur l'efficacité de chaque instru-
ment pris isolément. Une évaluation qualitative de 1'efficacité du portefeuille
pris dans son ensemble est ensuite réalisée. Il est montré que :

Tant que le prix du carbone reste bas, peu d’effets d’interactions sont a
craindre avec les autres instruments du portefeuille climat-énergie, d’autant
moins que de nombreuses défaillances du marché de I'électricité empéchent
la diffusion du signal-prix carbone aux consommateurs d’électricité.

L’existence de ces défaillances, ainsi que des effets de congestion dans les
investissements en technologies de réduction d’émissions et I'incertitude qui
pese sur l'évolution du signal-prix du carbone justifient le maintien d’un
portefeuille contenant plusieurs instruments.

11
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e La composition exacte de ce portefeuille dépend en revanche des hypotheses

sur la trajectoire du signal-prix du carbone. La nature des interactions qui
pourraient étre générées par une hausse de ce signal-prix vont de plus dé-
pendre de la nature de l'instrument qui le produira : nouvelle taxe liée au
contenu carboné de 1'électricité ou bien retrait définitif de permis d’émis-
sions. Dans le premier cas, les interactions seraient bien moindres et un
portefeuille plus étoffé pourrait se justifier.

Dans l'éventualité d'une contribution climat-énergie significative en 2015
(comme projeté par le gouvernement actuel), ou bien si les Etats-membres
de I'UE parviennent a se mettre d’accord sur une réforme d’envergure de
I'EU-ETS, certains instruments faisant la promotion de réduction de consom-
mation dans le résidentiel ou le tertiaire pourraient se révéler superflus. Un
instrument unifié donnant les moyens aux particuliers de réaliser des ré-
novations d’envergure du bati existant pourrait remplacer une partie des
instruments actuels de promotion de 1'efficacité énergétique.

Dans I'éventualité d'un signal-prix du carbone durablement faible, des ni-
veaux plus élevés de subvention pour ces technologies d’efficacité énergé-
tique et de production d’électricité a partir de renouvelables pourraient se
justifier.

La conclusion générale synthétise les résultats des quatre chapitres et ré-
pond aux questions posées plus haut, avant de proposer quelques éléments
d’ouverture.
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1.1

COMBINING TARIFFS FOR
RENEWABLES AND EMISSION
CAP: DOES IT REDUCE THE
ELECTRICITY PRICE?

INTRODUCTION

In virtually all member states of the European Union (EU), the electricity
sector faces a multiplicity of climate and energy policy instruments. Most
EU member states promote electricity generation from renewable sources
through feed-in tariffs (FiTs), which guarantee a given level of remuneration
for production from renewable sources, while others implemented quantity
mandates such as tradable green certificates (TGC) and Renewable Portfolio
Standard (RPS) (Ragwitz et al. 2007, EU 2009d). TGC and RPS require a certain
percentage of total electricity production to come from renewables. Produc-
ers are awarded green certificates when they produce renewable electricity.
Electricity suppliers can comply to their renewable target by purchasing
enough certificates. >

Moreover, GHG emissions from fossil-fueled electricity production facili-
ties are capped across the EU. In the European Union Emission Trading
System (EU-ETS) member states auction emission allowances that are later ex-
changed through an allowance markets among electricity plants and carbon-
intensive facilities in other industrial sectors (EU 2009a;c). On the demand
side, the main instrument for energy efficiency promotion are in general
fiscal incentives, but energy efficiency labels on appliances (EU 2009b) and
energy efficiency obligations (Giraudet et al. 2012, Lees 2012) are also used.

The EU-ETS aims at reducing emissions from carbon-intensive industries
in a cost-effective way (EU 2009c, p. L140/63). While renewables and energy
savings are also primarily a part of the package needed to comply with the
Kyoto Protocol, several other rationales have been used to justify these addi-
tional measures. In particular, the renewables Directive from the European
Parliament and Council states that renewables

“have an important part to play in promoting the security of en-

ergy supply, promoting technological development and innova-

tion and providing opportunities for employment and regional

development” (EU 2009d, p. L140/16).
Comparable arguments have been raised for energy savings incentives, along
with arguments on the burden of energy expenses on households and the
evolution of the electricity price.

The European Climate and Energy Package has indeed been thought to

complement the long-lasting objective of liberalizing the European energy
markets. In this view,

“support schemes for renewables [...] were introduced on the
grounds of incomplete market opening [and] incomplete inter-

1. This chapter stems from an extended version of the model published as Lecuyer and
Bibas (2011).

2. See also IEA (2010a;b;c) for policies and measures databases across the EU among other
countries, as well as RES-LEGAL (2010) for a comprehensive description of legal source on
European renewables promotion schemes.
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nalization of the external costs of conventional generation” (EU
2012, p. 14),

with the idea that increased competition would bring decreasing electricity
prices.

These overlapping policy instruments are however prone to interactions
through electricity and environmental commodities markets, leading to far
from obvious effects on the consumer electricity price that depend on the
actual policy mix. While renewable technologies tend to reduce the market
price of electricity through reduced variable costs and priority access to the
grid, most of European member states finance their renewables promotion
scheme through taxes on the consumption of electricity, which tend to in-
crease the consumer price. Moreover, when renewables and energy savings
promotion schemes are combined with an EU-ETS, they can reduce the elec-
tricity price by easing the emission constraint, and thus lowering the carbon
price that is passed through to consumers.

The objective of this chapter is to detail the mechanisms at play and to in-
vestigate the outcome of these interactions on the electricity consumer price
and on the welfare when a policy mix featuring the policy instruments most
used in European countries is considered. These include a cap on emissions
from the electricity sector, FiTs for renewables, the tax on electricity consump-
tion needed to finance this renewable promotion scheme, and subsidies for
energy efficiency.

By using a simple analytical equilibrium model of supply and demand
in the electricity sector featuring these policy instruments, I find that when
a FT financed by a tax on electricity consumption is combined with a cap
on the emissions from electricity production, increasing the FiT will decrease
the consumer price, because the electricity production expands and the equi-
librium shifts toward smaller consumer prices along the downward sloping
demand curve. Raising the FiT increases the tax to finance it, and thus the
consumer price, but the decrease in the carbon price and the wholesale elec-
tricity price following the reduced marginal abatement cost is stronger. This
remains true with a subsidy for energy efficiency, but holds only if the fossil
production can be assumed fixed by the emission cap. In particular, consid-
ering several non-renewable technologies with very different emission rates
(e.g. with nuclear production) or the possibility of efficiency investments in
the fossil production plants would alter the results and would be an promis-
ing avenue for further research.

The subsidy for energy efficiency interacts with the FiT in an asymmetric
way. While the subsidy promotes efficiency to the detriment of sufficiency
behaviors, the FT on the opposite reduces both sufficiency and efficiency
behaviors. I find moreover that tightening the cap has an ambiguous ef-
fect on the consumer tax and more surprisingly on the carbon price, due
two countervailing effects. On the one hand, tightening the cap decreases
the total electricity production, thus rising proportionally the tax needed to
finance an unchanged quantity of renewables, and therefore the marginal
abatement costs. On the other hand, substitutions with investment in en-
ergy efficiency tends to reduce the marginal abatement costs. This can lead
in extreme and unlikely situations to an increase of both the emission cap
and the carbon price when supply and demand are very elastic.

Adding a FiT decreases the total welfare if the subsidy for energy efficiency
is low enough. It also causes a transfer from the carbon rent to consumers
and renewable producers, raising their surpluses. It however leaves the
profit from fossil production unchanged if allowances are auctioned.
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1.2.1

1.1 INTERACTIONS EFFECTS ON THE ELECTRICITY PRICE: A REVIEW |

Despite being widely observed in empirical studies, analytical studies dis-
agree on the mechanisms behind this result. Section 1.2 reviews this litera-
ture, disentangling the interactions effects between the various policy instru-
ments considered and the importance of several assumptions made. The an-
alytical literature primarily focus on simpler policy mixes, either including
only a renewable promotion scheme or considering a constant exogenous
carbon price. These studies thereby overlook one specific interaction effect
between the emission cap and the FiT, namely the decrease in the carbon
price induced both by the FT and by the tax necessary to finance it. They
moreover do not address the interaction effects with promotion instruments
for energy efficiency.

Section 1.3 presents the setting and equations of the model, as well as
the policy instruments featured and the welfare function. Section 1.4 then
discusses the interaction effects on electricity prices by computing the total
differentials of the endogenous variables of the system, and presents the
main analytical results. Section 1.5 discusses the results and concludes.

INTERACTIONS EFFECTS ON THE ELECTRICITY PRICE:
A REVIEW

The literature disagrees about the final outcome of combining renewable
promotion mechanisms and emission reduction instruments on the electric-
ity price. As a result, the final effects on the consumer surplus is also unclear.
In a numerical model of the European electricity sector including a cap on
emissions and FiTs for renewables, Bohringer and Rosendahl (2009) predict
a reduced consumer price when adding or increasing the FT. Empirical
studies by Sensfuf$ et al. (2008) and de Miera et al. (2008) analyzing elec-
tricity and emission allowance market data find that the German and the
Spanish FiTs decreased consumer electricity prices. Meanwhile, Jonghe et al.
(2009), Traber and Kemfert (2009) both anticipate a price increase, using nu-
merical models. Most studies conclude however that the final effect on the
consumer price is indeterminate and depends on the relative stringency of
the renewable market share and the emission cap and on parameters of elec-
tricity supply functions (see e.g. Jensen and Skytte (2003) and Unger and
Ahlgren (2005)).

This discrepancy is the result of several countervailing effects depending
on the policy mix. Following sections will review and disentangle those
effects, by considering successively the policy mixes modeled, in increasing
order of complexity. While in isolation, a subsidy on renewables and a
price on carbon will obviously enough respectively decrease or increase the
electricity market price, when considered together, or when an endogenous
financing mechanism is considered, results may vary.

Subsidy for renewables alone: illustrating the merit order effect

Setting a subsidy for renewables in isolation directly affects the electricity
market price through the merit order effect. Because of zero variable costs
and a priority access to the grid, the additional renewable production in-
centivized by the subsidy displaces electricity produced by thermal-based
conventional technologies, and shifts the merit order curve. This sometimes
leads to the displacement of the marginal technology, which would have set
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the price in the spot market, by a technology with lower variable costs. In
the long run, renewable subsidies will reduce the long term costs of renew-
ables, leading to more and more substitutions away from thermal-based
generation, and the market price of electricity tends to decrease.3 Using
real-world data, Sensfufs et al. (2008) and de Miera et al. (2008) describe in
great detail this effect and find that the German and the Spanish FiTs in-
deed decreased consumer electricity prices in 2006 (including the tax paid
by consumers to finance the support scheme, see the discussion below).

Incentive for emission reduction alone: illustrating the carbon cost pass
through

Introducing a constraint on emissions or a tax on the emissions from the
electricity sector 4 increases the marginal production cost of electricity from
fossil fuel. This increase may then be passed through to consumers, and
increase the consumer electricity price, in an effect that we shall label the
cost pass through effect. In this chapter, we will assume a 100 % cost pass
through, but it may vary according to the market structure or the degree of
competition. 5

Combining a subsidy for renewables and an endogenous financing mecha-
nism

Fischer (2010) discusses the effects of a RPS on electricity prices. As argued
by Fischer, and in a setting with no uncertainty, a RPS is formally equiva-
lent to the combination of an implicit subsidy on renewables (decreasing
the electricity price through the merit order effect) and an implicit tax on
fossil production set to finance the subsidy (increasing the consumer price
in a mechanism similar to the cost pass through effect). According to her
findings, the final outcome on the consumer electricity price of a combining
a subsidy for renewables and an endogenous financing mechanism depends
on the relative elasticities of the supply functions, and the market share of
renewables, since the implicit tax level depends both on the level of the
subsidy and on the quantity of renewables.

If renewable supply is sufficiently elastic and the renewable market share
relatively low, the merit order effect exceeds the effect of the increasing
tax on the consumer price. In other terms, the RPS acts more as a subsidy
for renewables producers than as a tax on fossil production, or as Fischer
expresses it:

“models are more likely to predict that RPSs will produce lower
consumer electricity prices when they embed rigidities in natu-
ral gas supply, assume that large portions of nonrenewable gen-
eration are fixed, parameterize relatively flat marginal costs for
renewables, or target modest increases” (Fischer 2010, p. 97).

3. We ignore here learning effects that also influence the marginal cost of renewables in the
long run. Such effects would however further decrease the marginal cost, amplifying possible
effects of an increasing renewable production subsidy.

4. Such a tax is equivalent to a tax on fossil fuel or on electricity production from fossil fuel
when only one polluting technology is considered, as is the case in (Fischer 2010) or in this
chapter.

5. A discussion of consequences of imperfect competition is beyond the scope of this chap-
ter. See for instance Fell et al. (2013) for a recent discussion of carbon costs pass through in
electricity markets.
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As without uncertainty, a setting including a subsidy or FiT financed by an
endogenous tax on consumption is analytically comparable to a RPS, these
results sheds light on the findings of Jonghe et al. (2009) and Jensen and
Skytte (2003). Jonghe et al. (2009) studies in a sectoral equilibrium model
of the European electricity sector the effects of renewable promotion poli-
cies (financed by a price mark-up) on the electricity price. As he assumes
a relatively steep renewables supply curve, he finds renewable policies in-
crease consumer prices.® Jensen and Skytte (2003) argue in a graphical
analysis that renewable promotion policies should be chosen over emission
reduction policies when one tries to reach a renewable target when the cor-
relation between the consumer price and the price mark-up induced by the
renewable policy is negative.” This correlation depends on the market share
of renewables and the relative elasticities of fossil and renewable supply, in
a way consistent with Fischer (2010).

Combining a subsidy for renewables and a cap on emissions

When a subsidy for renewables and a cap on emissions are combined, the
previously discussed merit order effect can mitigate the cost pass through
effect. Higher renewable subsidies increase the profitability of renewable
technologies compared to fossil fuels, and the increased substitution with
fossil fuels reduce the overall marginal abatement cost. As a result, the
carbon price is reduced, which in turn reduces the consumer electricity price.
This effect is labeled allowance price effect by Traber and Kemfert (2009), and
is described in great detail by numerous studies (see e.g. Harrison et al.
(2005) or the review by del Rio Gonzélez (2007)).

Combining a subsidy for renewables financed by a tax on electricity con-
sumption and a cap on emissions

Several authors use numerical models to study the interaction effects of re-
newable subsidies financed by an endogenous tax and a cap on emissions.
In a model showing the oligopolistic nature of the European electricity sec-
tor, Traber and Kemfert (2009) decompose the interaction between FiTs and
the EU-ETS in two competing effects. In the substitution effect, increasing the
support for renewables induces substitutions from fossil fuel energy toward
renewable production. Traber and Kemfert find that this tends to drive the
consumer price up. Because fossil supply is relatively rigid compared to re-
newables, the increased tax necessary to finance the FT overcomes the merit
order effect. Second, in the allowance price effect, the reduced stringency of
the cap lowers the emission allowance price, which in turns decreases the
wholesale and the consumer price.

Traber and Kemfert find that the two effects often almost cancel each
other in European member states. The net effect of the interactions between
FiT and EU-ETS is however a slight increase in consumer electricity prices
in Germany and a slight decrease in other European countries. They also
find that the market power of electricity firms tends to mitigate the price
decrease.

6. His model features also emission reduction policies and he studies the interactions be-
tween emission reduction and renewable promotion policies, but his analysis on electricity
price is limited to renewable promotion policies alone.

7. They study the case of TGC. In their stylized framework, the price of TGC is equal to the
price mark-up induced be renewable technologies.
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Unger and Ahlgren (2005) develop a numerical model of the electricity
sector in the Nordic countries. Their results are in line with the predictions
of Fischer (2010). They have an endogenous carbon price, but they assume
a relative rigid fossil supply and a relative inelastic demand. They find that
a TGC will reduce the consumer price for smaller renewables market shares:
for a renewable share of 25 % the consumer price is €3.5/MWh lower than
if TGC obligations were absent.

Using a static model of supply and demand of the German electricity
sector and an ETS including only this sector, Rathmann (2007) highlights
similar effects on the consumer electricity price:

“On the one hand it is increased through a rising renewables fee,
and on the other hand it is decreased through a falling wholesale
price due to the effect the additional renewables had on the CO,-
price” (Rathmann 2007, p. 345).

In a numerical application to the German electricity sector, he finds a €2.6/MWh
decrease in consumer prices due to additional renewables support during
the first EU-ETS trading period (2005-2007).

Bohringer and Rosendahl (2010) study the interactions between renewable
promotion schemes and an emission cap in a static analytical model of the
German electricity sector featuring several technologies with different emis-
sion intensities. Their results focus on the impacts of policy interactions on
the production level of emitting technologies, but they discuss briefly the
variations of consumer electricity prices when the subsidy for renewables
vary. They find, in accordance with the results by Fischer (2010), that the
effect on the electricity price is in general ambiguous and depends on the
comparative elasticities of the electricity supply functions, as well as on the
emission intensities. Their results indicate that a price decrease is more
likely, as suggests a numerical application in an earlier version of the paper
(Bohringer and Rosendahl 2009), but that an increase of the electricity price
can occur if emission intensities are very different among producers or if
renewable production is very rigid.

1.3 MODEL DESCRIPTION

1.3.1 Producers and consumers

The model represents a perfectly competitive electricity market featuring a
representative producer that maximizes its profit by supplying electricity
from two types of energy sources: fossil fuels (f) and renewables (r).

max 1= (p—§) - £+ p-1— C(f) = Cy (1)

,T

f,r > 0 and p is the wholesale price. p is the feed-in tariff (FiT) received
by renewables producers and ¢ is the carbon price (see next subsection).
The long term production costs (C¢ and C; respectively) are assumed to be
in both cases increasing and convex (C¢(f) > 0, C{(f) > 0 and Cj(r) >,

C/(r) = 0, where C{(i) = acgi(i) and C{'(i) = ajacii)(zi)). As discussed by
Fischer and Preonas (2010), the steepness or flatness of the supply curves

depend on the time frame, short term or long term, and on the interactions
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Table 1.1: Notations used in the models.

Dimension  Description

f (Mwh) Electricity from fossil fuels

T (Mwh) Electricity from renewables

X (Mwh) Total electricity production

e (Mwh) Savings from energy efficiency

P (€/MWh)  Wholesale power price

¢ (€/MwWh)  Carbon tax

P (€/MWh)  Feed-in tariff for renewables

€ (€/MWh)  Energy efficiency subsidy

Q (Mwh) Emission cap (in fossil fuel production equivalent)

Or () Share of renewables in total production
Ce(+) €) Cost function of electricity production from fossil fuels
Cr() €) Cost function of electricity production from renewables
Cel(") (€) Cost function of energy efficiency
u() (€) Utility function of consumers

of (MWh? /€) Slope of the supply function for electricity from fossil fuels

with fossil fuel or land markets.® In this chapter, we assume there are
decreasing returns to scale for all technologies.

The two goods are assumed perfect substitutes and add up to give the
total electricity produced x.

x=f+r (1.1)

Their production is assumed perfectly separable.? To give more detail to
the welfare analysis, we divide the profit from the representative producer
into profit from renewable production and profit from fossil production:

M= (p—¢)-f—Ce(f)
M =p-1—Cy(r)

Consumers maximize a net utility function U which is the gross utility
U minus the cost of investment in energy efficiency Ce(e) and the cost of
electricity purchased:

max U
X,€e

U(x+e)—q-x—Cele)+e-e

Consumers purchase electricity at a consumer price q, possibly different
from the wholesale price p faced by producers. The wedge represents the
consumer taxes necessary to finance the subsidy for renewables (see next

8. Cost may differ according to location and the proximity of land markets, yielding differ-
ent electricity prices. The decreasing returns assumption is justified for renewables as the best
production sites are used first (e.g. sites with most sun or wind) and that further development
implies investing in less and less productive sites. The cost functions of some fossil fuel tech-
nologies such as combined cycles power plants may be less convex, because small power plants
are relatively easily scalable.

9. In reality some economies of scale are possible between the two productions, especially
if one considers the grid extensions necessary for these capacity extensions to be part of the
long term costs.
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subsection). The increasing and concave gross utility ((U'(x) > 0, U”(x) <
0) depends on the quantity of energy service provided by the electricity
consumed, e.g. heat or light. This service is assumed to be a linear function
of the total electricity consumed x and of the energy savings e enabled by
investment in energy efficiency Ce(e). ™

Consumers can reduce their consumption through energy savings e, keep-
ing their energy service level constant. We assume energy savings are pro-
duced by investment in energy efficiency made at a cost C, with decreasing
returns with respect to the energy savings (Cl(e) > 0 and C/(e) > 0).
The decreasing returns are justified because (i) doubling the materials used
e.g. in refurbishing a building will not halve its energy consumption and
(ii) the most profitable investment are made first. These reductions can rep-
resent the electricity savings following a switch to efficient lighting bulbs or
a switch to an A+ labeled appliance. ™" The energy service provided by the
new equipment is the same, and at a constant utilization rate it consumes
less electricity.

These reductions do not refer to sufficiency behaviors, where end-users
reduce their energy service consumption as a response to price changes or
specific education programs. For a detailed discussion on the differences
between efficiency and sufficiency, see Alcott (2008) or Herring (2009). A
static form of sufficiency is represented in this framework by the decreasing
slope of the net demand function. It represents all energy savings behav-
ior components unrelated to technological improvement and which cannot
be easily subsidized. It does not refer to a change in the preferences of
consumers, nor on dynamic effects possibly affecting the parameters of the
demand function.

These maximization programs result in the following first-order condi-
tions (after simplification):

Ct(f)=p—o (1.2)
Ci(r)=p (1.3)
U(x+e)=gq (1.4)
Cele) =q+e (1.5)

Producers and consumers equalize their marginal value to the effective price
they face, whether tariff or wholesale price net from the various price instru-
ments.

Policy instruments and welfare function

The regulator sets the level of three exogenous policy variables:
a FiT for renewables p,

a subsidy for energy efficiency ¢ (as the main instrument for energy savings
promotion are in general fiscal incentives),

a cap on emissions from fossil fuels Q.

10. Since marginal utility depends only on the electricity consumed, it is therefore effectively
equivalent to an inverse demand function.

11. Electricity is the only energy considered here. We do not take into account possible
switches to or from other energy sources such as gas heating or electric vehicles. A proper
modeling of these switches should include all energy sources. See e.g. the model by Giraudet
et al. (2010).
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The clearing of the emission allowance market associated with the emission
cap yields:

f=0 (1.6)

and results in a carbon price ¢. To finance the FiT, the regulator also sets
a tax on electricity consumption t. This tax is an endogenous variable and
results from the financing constraints:

T =0 (r+1) (1.7)
g=p+t (1.8)
t=or(p—p) (1.9)

o is the share of renewables in the total production mix. The consumer
price is the sum of the wholesale price plus the tax set to finance renewable
production. ™ The tax is equal to the implicit subsidy to renewables pro-
ducers (p —p) times the ratio of renewable production on total production
.

The social welfare is defined as the sum of consumer and producer sur-
pluses, minus the damage from emissions ( - f):

W(d,p,e) = U(x+e) = C¢(f) = Cr(r) = Ce(e) =0 f (1.10)

ANALYTICAL RESULTS

Adding a FIT decreases electricity prices but increases the consumer tax

PROPOSITION 1.1. When a FT financed by a tax on electricity consumption

is combined with an emission cap, increasing the renewables support level
results in an increase in the consumption tax and a decrease in the consumer
and the wholesale electricity prices. The decrease in the consumer price is
bigger as renewable supply is more elastic, energy efficiency supply is less
elastic and electricity demand is less elastic; it is however independent from
the share of renewables in the production mix. '3

Proof. See Appendix A.1. O

The intuition behind this result is rather straightforward. When an emis-
sion cap with an endogenous carbon price is considered, the substitutions
between energy sources change compared to the settings considered in the
literature reviewed previously. In particular, setting the cap fixes the level of
fossil fuel production and hinders the substitutions with renewables. As a
result, increasing the support level for renewables increases the total electric-
ity production, and hence leads to a decrease in consumer electricity prices,
in what could be labeled an electricity consumption effect.

12. We do not take into account transmission costs or other markups that would introduce
an additional wedge between the wholesale and consumer prices. Since we focus on price
changes and not absolute levels, the analysis is not affected as long as those markup costs are
fixed and unaffected by the renewable energy policy. Transmission costs could be non linear,
e.g. be small for substantial amounts of solar energy installed on rooftops and mainly used
in situ, or on the opposite very high for smaller amounts, e.g. for an off-shore windmill farm.
Those effects are however very difficult to quantify.

13. The fossil production is assumed fixed by the emission cap. This is not true if several
non-renewable technologies with very different emission rates (e.g. with nuclear production)
or the possibility of efficiency investments in the fossil production plants are considered.
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AE/MWh
cap Ce)
C’f+r(r)
qTP
U(E+1)
f r MWh

(a) Market equilibrium with an emission cap alone.
The fossil production f is set by the cap. The total
electricity production includes renewables and is de-
termined by the intersection between the inverse de-
mand curve U’ (f + 1) and the inverse total supply
curve Cf ++ (7). The wholesale price p and the con-
sumer price q are equal.

€/MWh

U'(f+1)

MWh

(b) Market equilibrium when adding a subsidy for re-
newables 0 financed by a tax on consumption t. The
inverse renewable supply curve is shifted downward
(1), and the tax t necessary to finance it creates a
wedge between consumer q and wholesale p prices
(2). This concurs with a decrease in the inverse fossil
supply curve, sharper than the tax increase, caused by
a drop in the carbon price ¢ (3).

Figure 1.1: Adding a subsidy for renewables financed by a tax on consumption to
an emission cap.
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Figure 1.1 details the mechanisms at play. When there is only a binding
emission cap, the level of renewable production is set by the intersection
between the demand curve and the total supply curve (see Fig. 1.1a). When
adding a net subsidy for renewables, the marginal cost function of renew-
ables is shifted downward, creating a financing need and therefore a wedge
between wholesale and consumer prices. This concurs with a decrease in
the inverse fossil supply curve, sharper than the tax increase, caused by a
drop in the carbon price (see Fig. 1.1b).

The increase due to the consumption tax is dominated by the decrease
due to the carbon price. In other terms, the consumer price decrease is only
possible by a decrease of the carbon rent possessed by either fossil producer
or the regulator (in case of e.g. auctioned allowances). It may be stressed
again that this proposition assumes a perfect competition framework and
a constant emission rate for fossil production. In an imperfect competition
framework, firms may not fully pass through the carbon price decrease; ™
and with a variable emission rate (due to efficiency investments in one tech-
nology or to the existence of several non-renewable technologies with dif-
ferent emission rates), non-renewable production cannot be assumed fixed
anymore.

The FIT and the subsidy for energy efficiency interact through the electricity
markets

PROPOSITION 1.2. Adding an subsidy for energy efficiency decreases the con-

sumer and the wholesale electricity prices, and increases the consumption
tax. The subsidy for energy efficiency increases savings through efficiency
behaviors, but reduces sufficiency behaviors. The FT on the opposite re-
duces both sufficiency and efficiency behaviors.

Proof. See Appendix A.2. O

The subsidy for energy efficiency and the FiT for renewables have addi-
tional effects on the electricity prices and the tax, but do not incentivize the
same behavior. While both the FT and the subsidy for energy efficiency
increase the total energy service consumed, thereby reducing sufficiency be-
haviors, they have diverging effects on efficiency investment. By setting
a level of profitability for renewable producers, the FiT is not affected by
changes in the subsidy for energy efficiency, but does trigger substitutions
from investment in energy efficiency toward renewable electricity produc-
tion. > The increased energy service consumed leads to an intensified elec-
tricity consumption effect described earlier. This results in a lower consumer
and wholesale electricity price, and in a proportionally higher wedge be-
tween the two.

14. In an oligopoly framework a la Cournot, the cost pass through depends on the utility
function form. This would be an interesting avenue for future research.

15. The fact that electricity production is unaffected by investment in energy efficiency is a
major assumption, stemming from the simplified choice of technologies made in this model.
Having in particular nuclear energy, affected neither by the FiT nor by the emission cap intro-
duces an additional varying parameter. Nuclear plants may close due to the reduced electricity
price, as was the case in the USA, thereby mitigating the effect of both the FiT and the subsidy
for energy efficiency.
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Tightening the emission cap has ambiguous effects

PROPOSITION 1.3. Tightening the emission cap increases the consumer elec-

1.4.4

tricity price but has an indeterminate effect on the consumption tax, the
wholesale electricity price and the carbon price. Tightening the cap is more
likely to increase both the consumer electricity price and the carbon price
when supply and demand functions are inelastic, the share of renewables in
total production and the FiT are small.

Proof. See Appendix A.3. O

The ambiguous effect of tightening the cap comes from two countervail-
ing effects:

. On the one hand, tightening the cap decreases the total electricity produc-

tion but leaves unchanged the amount of renewables. The tax needed to
finance the FiT thus rises proportionally to the level of the FiT and the quan-
tity of renewables, since it applies to smaller quantities of electricity sold.

. On the other hand, tightening the cap also increases the quantity of effi-

ciency investment because energy savings replace fossil electricity (5—5 <0).
This tends to mitigate the consumer price decrease, and hence mitigates the
decrease in the wedge between consumer and wholesale prices, a smaller
tax is enough.

The first effect is stronger when the FT and the quantity of renewables is
high, and the second when demand and energy efficiency supply functions
are inelastic.

This explains that a tightening of the cap may have an ambiguous effect
on the carbon price. When supply functions are very elastic, marginal costs
vary little with quantities. As a result, decreasing the cap only induces a
small increase in the resulting marginal abatement cost curve (which de-
pends on all possible substitutions between fossil, renewables, efficiency
and sufficiency behaviors). In such situations, it is theoretically possible
that the tax increase is bigger than the carbon cost decrease, and to observe
a reduction in both the emissions and the carbon price.

This is however difficult to imagine in real life, where the carbon market
serves as a signal of the stringency of the climate policy, and where the
opposite seems more reasonable: the decrease in the wholesale price follows
a decrease of the carbon price.

Increasing the FIT generates surplus transfers

PROPOSITION 1.4. Adding a FT financed through a consumer tax to an emis-

sion cap and a subsidy for energy savings:
decreases the total welfare if the subsidy for energy efficiency is low enough,

increases the consumer surplus and the profit of electricity production from
renewables,

leaves the profit from fossil production unchanged (if allowances are auc-
tioned),

decreases the carbon rent.

Proof. See Appendix A.4. The signs of the partial derivatives of the various
surpluses with respect to the policy variables are gathered in Tab. 1.2. [
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Table 1.2: Signs of the partial derivatives of the total welfare (W), the consumer
surplus (U), the producer profits (TT¢, TT¢) and the carbon rent (Rg) with respect to
policy variables (emission cap (Q), KT for REP (p) and subsidy for energy efficiency

(e))-

dw  dlly  dll, 4l dRg

aa  —/+M 4 S+
dp _(2) . + + —
de — : : + —

. . . . . . oi e .
Intersection of line j and column i gives the sign of a—}. Table elements are positive (), negative (—),
nil (-) or indeterminate (?).

(1): when the carbon price is optimal, i.e. if & = 0, changing the cap decreases welfare. When the
carbon price is below the marginal damage from emissions, tightening the cap increases welfare except

when the FiT or the subsidy for energy savings are very large.

Oe—Ou
Oe

(2): when the subsidy for energy efficiency is low enough, i.e. if e < (1 — o) (p —Pp)

The FiT acts as a transfer from fossil production to renewable production
and consumers. If fossil producers pay for their emissions, e.g. when emis-
sion allowances are auctioned, increasing the FiT will not affect profits from
fossil production. The profit losses induced by the decreasing wholesale
price are exactly compensated by the decreasing carbon costs.

Increasing the FiT will however reduce the carbon rent by reducing the
carbon price, and transfer a part of this rent to renewables producers and
consumers through the decreased consumer price and the increased FiT and
renewable production. The total welfare decreases however, except when
the subsidy for energy efficiency is so large that the substitutions away from
energy savings induced by the FiT reduce the excessive cost of this policy.

Comparably, increasing the energy savings induces transfers from the car-
bon rent to consumers, with a negative effect on the total welfare because it
brings no additional emission reductions compared to the cap and only in-
creases the total compliance costs. Tightening the cap will reduce the profits
from fossil production and the consumer surplus. When the cap is such that
the carbon price is at its Pigovian level (e.g. equal to the marginal environ-
mental damage from emissions 9, in reference to Pigou (1920)), changing the
cap always reduces the welfare. When the price is lower than the marginal
damage and the FiT and subsidy for energy efficiency are relatively low,
tightening the cap increases the welfare.

Tightening the emission cap has an ambiguous effect on the carbon rent.
For smaller values of the cap, reducing the cap has a negative effect on the
carbon rent, but for larger values of the cap it has a positive effect. There is
one unique intermediate level of the cap for which the carbon rent is maxi-
mal. The carbon rent is bell-shaped ad resembles a Laffer curve: increasing
the cap has first a positive effect on the carbon rent by increasing the quan-
tity of fossil energy paying a carbon cost, until a maximum level depending
on the level of the FiT and the subsidy for energy efficiency, and then de-
creases again as the carbon price gets negligible (see Appendix A.5 for the
calculations).

The effect of the FiT on the cap maximizing the carbon rent is analytically
indeterminate, but the negative effect of decreasing the carbon price likely
dominates. Assuming a first-best solution, i.e. a KT equal to the electric-
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ity price and a nil efficiency subsidy, the cap maximizing the carbon rent
increases as supply and demand curves get more elastic.

DISCUSSION AND CONCLUSION

Using an analytical model of supply and demand of the electricity sector fea-
turing the main climate and policy instruments implemented in European
member states, this chapter studies the effects of policy interactions on the
electricity price, and the impacts on surplus transfers. I find that when an
emission cap is combined with an subsidy for energy efficiency and a tax
on electricity consumption to finance a feed-in tariff (FiT) for renewables, in-
creasing the FiT decreases the consumer price, along with the wholesale and
the carbon prices. This remains true with a subsidy for energy efficiency, but
holds only if the fossil production can be assumed fixed by the emission cap,
if one assumes that the fossil electricity production does not vary with the
carbon price. This assumption does not hold if several non-renewable tech-
nologies with very different emission rates (e.g. with nuclear production) or
the possibility of efficiency investments in the fossil production plants are
considered.

When fixed by the emission cap, fossil fuel production does not replace
renewables, and as the total electricity production increases with the FiT, the
electricity market equilibrium shifts toward a lower consumer price. The
marginal cost function for renewables is shifted downward by the FiT, cre-
ating a financing need and therefore a wedge between wholesale and con-
sumer prices. As this wedge grows, the wholesale price decrease is even
sharper than the consumer price, caused by a drop in the carbon price fol-
lowing the loosening of the emission constraint.

Increasing the subsidy for energy efficiency and the emission cap trigger
similar interactions using the same channel, in what I label an electricity
consumption effect. Both instruments lead to an increased energy service
consumption, and hence tend to decrease the consumer price. While the
efficiency subsidy increases efficiency behaviors and decreases sufficiency
behaviors, the FiT reduces both sufficiency and efficiency behaviors, because
it causes renewable production to replace some of the efficiency investments
at equilibrium.

While all instrument changes reduce the total welfare when the carbon
price is at its Pigovian level, adding a FiT or an subsidy for energy efficiency
cause transfers from the carbon rent to the consumer surplus. In addition,
the FiT increases the renewables producer profit but leaves the profit from
fossil production unchanged (when emission allowances are auctioned, i.e.
when the carbon rent is owned by the regulator). The carbon rent follows
a Laffer curve with respect to the emission cap. There is a cap level max-
imizing the carbon rent; below, increasing the cap has a positive effect on
the carbon rent and above, it has a negative effect on the revenues from the
allowance auctions.

This chapter details some of the interactions at play in climate and energy
policy mixes widely used in most European member states, and proposes
a new mechanism accounting for the effect of an endogenous tax financing
the renewable promotion scheme. Relaxing several major simplifying as-
sumptions would be interesting avenues for future research. This chapter
assumes that the European Union Emission Trading System (EU-ETS) covers
only the emissions from the electricity sector. Having a carbon price depend-
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ing on external factors would de facto reduce the electricity consumption
effect described here. Considering other industrial sectors would however
probably only amplify the drop in the carbon price caused by the FiT, as the
electricity sector is price maker on the EU-ETS and is the only sector being
short in allowances (see Chapter 4).

Another major assumption relates to the production technologies. This
chapter only considers two electricity generation technologies, and they are
assumed independent. In reality, the long term cost function of fossil tech-
nologies can be expected to depend on the level of renewable production,
especially for large market shares. As the operating hours of fossil power
plants decrease, the time during which the fixed investment costs have to
be financed decreases as well, and the share of fixed costs in the total cost
function may increase. For larger FiT, this would probably mitigate to some
extent the decrease in the marginal cost curve of fossil electricity caused by
the drop in the carbon price following a FiT increase.

Considering other types of technologies would also affect the results. As
discussed by Bohringer and Rosendahl (2010), if their emission intensities
differ, different non-renewable technologies will not respond in the same
way in the carbon price decrease, and the non-renewable production may
vary even if the emission cap is constant. This may be particularly true
when technologies have very different emission intensities, e.g. in a mix
with a lot of nuclear and some coal power plants. The price decrease will
more affect nuclear plants, whose marginal costs will not decrease if the
carbon price drops. This may lead to the closing of some of the nuclear
capacity, as was the case in the USA, and lead to non-linear effects on the
electricity price.

The assumption of perfect competition may also reveal unrealistic in the
electricity sector, where production is very centralized. As discussed by
Traber and Kemfert (2009), market power may affect the carbon cost pass
through of electricity producer, and mitigate the effect of carbon price de-
creases on the wholesale price. Lastly, the static and certain framework may
also influence the interactions between climate and energy instruments. In
this context, combining instruments to a binding emission cap always de-
creases welfare, and the effects described are all second best phenomenon
happening when several instruments are already present for reasons differ-
ent from carbon emission reductions. Chapter 2 studies the optimal policy
choice in a second-best framework where uncertainty on the demand for
electricity results in a risk that the EU-ETS carbon price drops to zero. Chap-
ter 3 studies a dynamic model of the electricity sector, examining the role
of capital accumulation and congestion effects in investment in the optimal
transition toward a carbon free electricity sector.

Finally, we assume the instruments apply all at to the whole electricity
market, i.e. at the European level. This is not true for renewable FiT. In fact,
FT may have effects across borders. For instance, as the German coal plants
often set the spot price of the French-German-Belgium electricity market in
winter, increasing the German FiT tariff would decrease the spot price for the
whole market, but the corresponding tax would only increase in Germany.
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2.1

CAN UNCERTAINTY JUSTIFY
OVERLAPPING POLICY
INSTRUMENTS TO MITIGATE
EMISSIONS?!

INTRODUCTION

All countries and regions having implemented climate policies seem to rely
on several policy instruments, some of which covering the same emission
sources, rather than a single one?. In the European Union, CO, emissions
from the electricity sector are directly or indirectly covered by the Euro-
pean Union Emission Trading System (EU-ETS) (Ellerman et al. 2010), by
energy-efficiency standards and energy-efficiency labels on electric motors
and appliances (EU 2009), by CO, or energy taxes (in some Member States),
by energy-efficiency obligations3 (in some Member States), and by renew-
able energy power (REP) subsidies, in the form of feed-in tariffs, feed-in
premiums or Renewable Portfolio Standard (RPS) obligations (in virtually
all Member States).

This multiplicity of policy instruments is in sharp contrast to the so-called
Tinbergen rule (Tinbergen 1952) requiring in order to achieve a given num-
ber of targets that policymakers control an equal number of instruments.
Unsurprisingly, this multiplicity has generated criticism by some economists
who argue that the policy instruments complementing the EU-ETS do not re-
duce CO, emissions (which are capped) but reduce the allowance price on
the EU-ETS market and generate costly economic distortions (Cf. for instance
Bohringer and Keller (2011), Braathen (2007), Fischer and Preonas (2010) or
Tol (2010)). Indeed, some abatement options, such as REP sources, are cov-
ered by several instruments and benefit from a higher implicit carbon price
than others, such as coal-to-gas switch. The mix of instruments promoting
the same abatement options is therefore suboptimal, at least in a simple
economic model, as it disregards the equimarginal principle and leads to
sometime antagonist interactions (Lecuyer and Bibas 2011).

Yet, the multiplicity of policy instruments has been justified by some other
economists, on several grounds. First, and most obviously, other policy tar-
gets such as air pollution reduction and security of supply are differently
impacted by the various CO, abatement options. Second, induced technical
change may be higher for some options than for others. For instance, the
deployment of photovoltaic panels is likely to induce more technical change
than coal-to-gas switch (see Fischer and Newell (2008) for a review). Third,
the slow diffusion of clean technology justifies implementing more costly
but higher potential options, such as photovoltaic panels, before the cheaper
but lower potential options, such as coal-to-gas switch (Vogt-Schilb and Hal-

1. This chapter has been coauthored with Philippe Quirion, supervisor of this thesis. It
has been published as Lecuyer and Quirion (2013). Elements of discussion not part of the
published version can be found in a complement on page 123 of this document.

2. The unconvinced reader is invited to look at the National Communications to the UN-
FCCC: http://unfccc.int/national_reports/items/1408.php

3. Lees (2012) provides a recent survey of these systems in Europe, while Giraudet et al.
(2012) discuss the costs and benefits of these systems.
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legatte 2011). Fourth, some market failures, regulatory failures or behav-
ioral failures may reduce the economic efficiency of market-based instru-
ments and justify additional policy instruments (Gillingham and Sweeney
2010). For instance, the landlord-tenant dilemma reduces the efficiency of
CO; pricing and can justify energy-efficiency standards in rented dwellings
(de T’Serclaes and Jollands 2007), while regulatory failures may lead to a
too low carbon price, or prevent governments to commit to a high enough
future carbon price (Hoel 2012).

Our aim is not to discuss these justifications, but to introduce and discuss
another rationale: the impact of uncertainty on abatement costs combined
with the unavailability of the first-best instrument. It is well known since
Weitzman (1974) that under uncertainty, the relative slope of the marginal
abatement cost curve (MACC) and marginal damage of emissions curve (la-
beled “marginal benefits” in Weitzman’s framework) is key to choose be-
tween a price instrument (e.g. a CO, tax) and a quantity instrument (e.g.
a cap-and-trade system, like the EU-ETS). More specifically, in the simplest
form of Weitzman’s (1974) model, the quantity instrument should be cho-
sen if the marginal damage curve is steeper than the MACC while the price
instrument should be chosen if the MACC is steeper. If the marginal damage
curve is completely flat then a tax (set at the expected marginal damage)
is the first-best instrument. In the case of climate change control, most re-
searchers have concluded that on this ground, a tax should be preferred to
a cap-and-trade system (e.g. Pizer (1999)). Indeed the marginal damage
curve of CO, emissions over a few years period is relatively flat because CO,
is a stock pollutant (Newell and Pizer 2003). Actually, this argument is even
stronger for policies covering only a small part of total emissions, such as
the EU-ETS; hence, with an uncertain MACC, an EU-ETS is less efficient than a
tax, i.e. it brings a lower expected welfare.

Yet, in the European Union (EU), a meaningful CO, tax is out of reach
because fiscal decisions are made under the unanimity rule, while a cap-and-
trade system has been adopted thanks to the qualified majority rule which
applies to environmental matters (Convery 2009). Another main reason why
cap-and-trade was chosen was for political economy reason in order to be
able to alleviate opposition of e.g. electricity producers by means of free
allocation of emission permits# (Boemare and Quirion 2002).

The fact that the EU-ETS is not optimal is illustrated by its history since
its introduction in 2005, which shows how volatile the carbon price can be:
it dropped to virtually zero in 2007 because allowance allocation in phase
1 was too generous (Ellerman and Buchner 2008), recovered up to more
than €30/tCO; because allocation in phase 2 was tighter and dropped again
sharply in 2009 following the economic crisis, down to €3/t CO, in April
2013. While economists disagree over the marginal damage of CO, emis-
sions, commonly called the “social cost of carbon” (Perrissin Fabert et al.
2012), they would presumably agree that such a price evolution is inefficient:
in some periods, the carbon price has prompted relatively expensive abate-
ment options (up to €30/t CO,) while in other periods, cheaper abatement
options have not been implemented. This potentially provides a rationale
for correcting the EU-ETS and / or for complementing it. Among the proposed
corrections is the introduction of a price cap and a price floor. Since this pro-

4. The EU-ETS was also implemented as part of a long-term strategy aiming at setting clear
targets for investors. As a market instrument, it also brings value as a coordination tool for
investment efforts across a large range of sectors or parts of sectors.
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posal has been widely debated (e.g. Hourcade and Ghersi (2002)), we will
not address it in this paper.

Conversely, to our knowledge only two papers have addressed the role
of uncertainty on abatement costs on the effectiveness of multiple instru-
ments. Mandell (2008) find that under some conditions, it is more efficient
to regulate a part of emissions by a cap-and-trade program and the rest by
an emission tax, than to use a single instrument. Admittedly, under such a
mixed regulation, the marginal abatement cost (MAC) differs across emission
sources, which is inefficient, but the emission volume is generally closer to
the ex post optimum than under a single instrument: following an increase
in the MAC, the tax yields too high an emission level while the cap-and-trade
system yields a level which is too low, so these inefficiencies partly cancel
out.

The other paper is by Hoel (2012, section 9) who studies the opportunity
to subsidize REP in case of an uncertain future carbon tax. He studies the
case of scientific uncertainty (damages caused by climate change are un-
certain) and political uncertainty (the current government knows that there
might be a different government in the future, and that this government
may have a different valuation of emissions). He shows that scientific un-
certainty justifies a subsidy to REP if REP producers are risk-averse. Under
political uncertainty, results are more complex. If the current government
expects the future government to have a lower valuation of emission reduc-
tions than itself, this tends to make the optimal subsidy positive. Hoel (2012)
studies the impact of uncertainty, but only when the subsidy is combined
with a tax, not when it is combined with an EU-ETS — which is what the
present article focuses on.

While we also address the role of uncertainty concerning abatement costs
on the effectiveness of multiple instruments, our focus is on whether it
makes sense to use several instruments to cover the same emission sources
and not to cover different sources, as in Mandell’s article (Mandell 2008).
More precisely, we assume that the EU cannot implement a CO, tax because
of the above-mentioned unanimity rule but can implement an EU-ETS. How-
ever some CO, abatement options (for illustration, REP) can be incentivised
by a price instrument (in this case, a subsidy to REP, e.g. a feed-in tariff).
In our model, without uncertainty on the energy demand level (and hence
on abatement costs) or if uncertainty is low enough, using the REP subsidy
in addition to the EU-ETS is not cost-efficient because there is no reason to
give a higher subsidy to REP than to other abatement options. However we
find that this uncertainty provides a rationale for using the REP subsidy in
addition to the EU-ETS, if it is large enough to entail a risk of a nil carbon
price>. Even though the first-best policy would be a CO, tax, when the latter
is unavailable, using both a REP subsidy and an EU-ETS may provide a higher
expected welfare than using an EU-ETS alone.

We demonstrate this result using three approaches. Section 2.2 presents
the intuition in a graphical way. Section 2.3 develops an analytical model
and presents some key analytical results based on the same intuition. Sec-
tion 2.4 further completes the model and presents a numerical application
on the European electricity sector. Section 2.5 concludes.

5. Since we use an expected welfare maximization model with a subjective probability dis-
tribution, we do not distinguish between risk and uncertainty.
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2.2 THE POSSIBILITY OF A NIL CARBON PRICE: IMPLI-
CATIONS FOR INSTRUMENT CHOICE

This section presents our main conclusion in an intuitive and graphical way.
We study the possibility of a nil carbon price, unaccounted in Weitzman'’s
seminal Prices vs. Quantities paper (Weitzman 1974) or in the related litera-
ture, on optimal policy instrument choice. We show that using a REP subsidy
in addition to the EU-ETS improves expected welfare in so far as uncertainty
on the demand level is large enough to entail a possibility of a nil carbon
price, ie. if there is a possibility that demand for greenhouse gases (GHG)
quotas turns out to be so low, compared to its expected value, that the EU-ETS
cap becomes non-binding.

Before introducing the intuition, let us give some elements justifying the
possibility of a nil carbon price, in the light of the experience with cap-
and-trade systems. An allowance price dropping to zero in an EU-ETS is
not unrealistic at all, and happened in some of the most well-known EU-ETS
worldwide. In the EU-ETS, the carbon price dropped to zero at the end of the
first period (in 2007). It would have done so in the second period (2008-2012)
again without the possibility to bank allowances for the next period (2013-
2020) and the likelihood of a political intervention to sustain the price. In
the Regional Greenhouse Gases Initiative (RGGI), which covers power plant
CO, emissions from North-Eastern US states, phase one carbon emissions
fell 33% below cap (Point carbon 2012). Consequently, the price remained
at the auction reserve price, below $2/tC0,. The cap also turned out to be
higher than emissions in the tradable permit program to control air pollu-
tion in Santiago, Chile (Coria and Sterner 2010) and in the UK greenhouse
gas EU-ETS (Smith and Swierzbinski 2007). Even in the US SO, EU-ETS, the
price is now below $1/t50, (Schmalensee and Stavins 2012), vs. more than
$150/tS0; ten years before, because new regulations and the decrease in
high-sulfur fuels consumption have reduced emissions below the cap.

Figure 2.1 present grpahically the implications of the possibility of a nil
carbon price on optimal policy instrument choice. For our purpose, it is
more convenient to draw the marginal cost and marginal damage as a func-
tion of emissions rather than as a function of abatement (as in Weitzman's
paper), because we are interested in the uncertainty of unabated emissions.
Let’s assume that the Marginal Damage MD is known with certainty and
is perfectly flat. We do not model the uncertainty on the marginal damage
side since it is well known that this uncertainty matters only when corre-
lated with abatement cost (Stavins 1996, Weitzman 1974). In our model, as
in these two papers, adding (uncorrelated) uncertainty on marginal dam-
ages from emissions would not influence the ranking of instruments. Let’s
further assume than the MACC is uncertain and can take with an equal
probability two values, MAC+ and MAC-®, representing for instance the two
extreme cases of a probability distribution. This uncertainty on the MACs
captures economic uncertainty, as well as uncertainty on the technological
costs (Quirion 2005). In Figure 2.1a, uncertainty is lower (MAC- (decreasing
dashed line) and MAC+(decreasing solid line) are closer) than in Figure 2.1b
and 2.1c.

Since the marginal damage of emissions MD is known with certainty and
perfectly flat, a price instrument (like a CO, tax) is optimal, both ex-ante and
ex-post. On the opposite, a quantity instrument (like an emission cap or

6. Noted MC in Weitzman (1974).
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(a) Instrument choice with low uncertainty: the policy-
maker sets the cap at the intersection of the expected
marginal costs and the marginal damage of emissions,
minimizing the expected extra cost compared to the
ex-post optimum (area with vertical lines in the MAC-
state and area with squares in the MAC+ state).

€/ tco,
E[MC]

N
Pco,

MD

Pco,=0 Emissions (tc,)

(b) Instrument choice with high uncertainty: here set-
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(c) Instrument choice with high uncertainty: setting
the cap at the intersection of the MAC+ marginal costs
and the marginal damage of emissions minimizes the
costs in the MAC+ state with no additional costs in the
MAC- state.

Figure 2.1: The implications of the possibility of a nil carbon price on optimal policy
instrument choice.

CARBON PRICE IN INSTRUMENT CHOICE |

39



40

2.3

| CAN UNCERTAINTY JUSTIFY OVERLAPPING INSTRUMENTS FOR MITIGATION?

the EU-ETS) is generally not optimal ex-post because the cap does not follow
the (ex-post) optimal emission level. Let’s analyze how a risk-neutral policy
maker minimizing expected cost (or maximizing expected welfare) would
set the cap.

In Figure 2.1a, with a low uncertainty, the policy maker would set the
optimal cap at the intersection between the marginal damage of emissions
and the expected MACC (the dotted-dashed line). This is also the expected
emission level under a price instrument. The expected carbon price would
then equal the marginal damage of emissions?” , although ex post, the car-
bon price would be either higher (péoz) or lower (pcq,) than the expected
carbon price (E[pco,]). The cost of the quantity instrument compared to
the price instrument (or to the optimum) is given by the area with squares
(in case of a higher than expected cost) or by the area with vertical lines (in
case of a lower than expected cost). All this is consistent with Weitzman'’s
standard model.

Conversely, in Figure 2.1b which features a large uncertainty, setting the
optimal cap at the intersection between the marginal damage and the ex-
pected MACC (vertical dotted line) does not minimize the expected cost: such
a cap would not be binding in the MAC- state, but it would entail a signif-
icant cost, both in the MAC- state (the area with vertical lines) and in the
MAC+ state (the area with squares).

A better solution (Figure 2.1c) is to set a more lenient cap which equalizes
the MAC and marginal damages of emissions only in the MAC+ state: the
extra cost compared to the price instrument would then be nil in the MAC+
state while it would still equal the area with vertical lines in the MAC- state.
In other words, the policymaker now neglects the MAC- state, knowing that
in such an eventuality, the cap is non-binding anyway; rather he sets the cap
which is optimal is the high-cost state.

Notice in Figure 2.1c that in the MAC+ state, the MAC equals the marginal
damage; hence the welfare loss from a marginal additional effort would
only be of the second order. Conversely, in the low-cost state, the MAC is
below the marginal damage; hence the welfare gain from a marginal addi-
tional effort would be of the first order. Consequently, an additional policy
instrument might improve welfare even if it entails additional abatement in
both states of nature, and even if it is imperfect — for example, because it
targets only a subset of abatement options, like a REP subsidy.

Having explained the intuition of our main results, we now turn to the
presentation of the analytical model.

KEY ANALYTICAL RESULTS IN A STYLIZED ELEC-
TRICITY MARKET
To discuss the implications of a possible nil carbon price on the electricity

sector, we model in this section a stylized European electricity market with
an uncertain demand. This uncertainty on the electricity demand results in

7. This equality (in expectation) between the price instrument and the quantity instrument
regarding price and quantity is dubbed “certainty equivalence” by Hoel and Karp (2001). They
find that while the equivalence prevails with additive uncertainty (a shift of the MACC as in
Weitzman’s original paper), it does not under multiplicative uncertainty (a change in the slope
of the MACC). In this paper, we find that even with additive uncertainty on abatement costs,
this principle does not prevail if there is a possibility that the price drops to zero.
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an uncertain abatement effort for any given emission cap, and hence in an
uncertain marginal abatement cost (MAC), as in the previous section.

We first present the equations and the programs of the producers and the
social planner. The setting presented here corresponds to a mix with an
European Union Emission Trading System (EU-ETS) and a renewable energy
power (REP) subsidy. Appendix B.3 and following present the other settings
used in our analytical results.

Analytical framework and equations

We represent three types of agents: a social planner, representative electric-
ity producers and representative consumers. The social planner maximizes
an expected welfare function by choosing the optimal level of various instru-
ments depending on the available instrument set: a carbon tax, an emission
cap for the electricity sector or a REP subsidy. For demonstration purposes
we focus in the model presentation on a setting with an emission cap and a
REP subsidy.

The emission cap can be interpreted as a stylized representation of the
EU-ETS. The future level of electricity demand is uncertain, with a risk that
the carbon price drops to zero in case of low demand. The electricity market
is assumed to be perfectly competitive and we assume a 100% pass-through
of the emission allowance.

The model is a two-stage framework. In the first stage, the social planner
chooses the level of the various policy instruments, facing an uncertainty
about the level of future electricity demand. In the second stage, the elec-
tricity producers maximize their profit given the policy instrument levels
and the demand function.

Step 1: the producer profit maximization problem

We consider two types of electricity generation: fossil fuels (f) and REP (r).
The electricity producers can also make abatement investments (a) to com-
ply with the emission cap. Those abatements are assumed for simplicity
to be independent from the level of fossil-based production. They refer for
instance to investments making coal-fueled power plants able to cope with
some share of biomass, CCS investments or allowance purchases on the
Clean Development Mechanism (CDM) market. p is the electricity wholesale
price.

Producers face an aggregate emission cap () and benefit from a REP sub-
sidy p. ¢ is the carbon price emerging from the allowance market, equal
to the shadow value of the emission cap constraint. We assume a 100%
pass-through from allowance costs to wholesale price. In our framework, p
can be seen as a feed-in premium for instance. The producer maximizes its
profit IT (Table 2.1 describes all the variables and parameters).

]{naX”(P)fﬁ) a,$,p)=p-f+(p+p)r (2.1)
,Tya

— Cr(f) — Cy(7)
—AC(a) —PC(f,a,d)

where C¢(f) and C(r) are the production costs from fossil fuel and REP re-
spectively. We assume decreasing returns for REP and constant returns for
emitting power plants (C{(f) > 0,C/(r) > 0,C{(f) =0 and C/(r) > 0). The
decreasing returns assumption is justified as the best production sites are

4
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used first and further REP development implies investing in less and less
productive sites. On the contrary, emitting technologies such as combined
cycles power plants or advanced coal power plants are easily scalable and
thus do not generate a scarcity rent (Fischer 2010, Fischer and Preonas 2010,
Jonghe et al. 2009). AC(a) is the Abatement Cost function of the electric-
ity producers, independent of fossil or REP production and PC(f, a, ) is
the allowance Purchasing Cost. The cost functions have a classical linear-
quadratic form:

Ce(f)=1p-f
2
Ci(m)=tr-1+ T
207
AC(a) = %az

PC(f,Cl,d)) :d)(Tf_a)

With ¢ and 1, the intercepts (iota like intercept) of the fossil fuel and the REP
marginal supply function respectively and o the slope (sigma like slope) of
the REP marginal supply function®. o4 is the slope of the marginal abate-
ment cost curve (MACC) for the electricity producer and 7 is the average un-
abated carbon intensity of fossil fuel-based electricity production. We define
a linear downward sloping electricity demand function d(-) (with d’(-) < 0)
whose intercept depends on the state of the world. We consider two differ-
ent states s occuring with a probability Ps, one with a high demand (d+(p))
and one with a low demand (d—(p)). The demand function is defined as:

djp)=wa+A—0q-p

with the intercept being 1q 4+ A in the high-demand state of the world and
tg —Ain the low-demand state. The equilibrium conditions on the electricity
and the emission markets thus depend on the state of the world.

f+r=d(p) (2.2)

is the demand constraint. In each state of the world, the electricity supply
has to meet the demand on the electricity market.

T-f_—a_<Q T'f+*(l+:Q
or (2.3)
b =0 bs >0

expresses the joint constraint on emissions and carbon price. In the high-
demand state of the world, total emissions cannot be higher than the cap
Q and the carbon price is therefore strictly positive. In the low-demand
state, we assume that the emission cap constraint is non-binding, hence the
carbon price is nil.

The first order conditions of the producer maximization problem are the
following:

p=1t+1¢ (2.4)

8. The supply functions are the expression of the quantity produced as a function of price.
This corresponds to the inverse of the marginal cost function, and the slope of the supply
function (o) is the inverse of the slope of the marginal cost function (Uir). We constructed the
REP cost function this way in order to keep the dimension of o consistent with the slope of
the demand function o4, allowing for some simplifications in the equations.
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Table 2.1: Notations used in the models.

Dimension Description

f (Mwh) Electricity from fossil fuels

r (Mwh) Electricity from REP sources

P (€/MWh)  Wholesale power price

a (tCo2) Abatements from power sector
¢ (€/tCO2)  Carbon price

P (€/Mwh) REP subsidy

Q (tCoz) Emission cap
0a  (€/1C02%)  Slope of power sector MACC
oa  (MWh%/€) Slope of demand function

Or (MWh? /€) Slope of RE supply function

5 (€/tCO2)  Marginal environmental damage
A - Probability of the high-demand state
A (MwWh) Variance of demand

T (tCO2/MWh)  Average carbon intensity (fossil fuels)
Lf (€/ MWh)  TIntercept of fossil fuel supply function
Lr (€/ MWh)  Intercept of RE supply function

td (€/ MWh)  Intercept of demand function

Fossil fuel producers will equalize marginal production costs with the whole-
sale market price, net from the price of emissions.

.
p—‘,—p:tr—i—i (2'5)

Or
REP producers will equalize marginal production costs with the wholesale
market price, net from the subsidy.

oqa=¢ (2.6)

Fossil fuel producers will equalize the MAC with the carbon price.

The values of the market variables (p,f,r,a,$) as a function of policy
instruments are found by solving the system of equations (2.2) to (2.6). They
represent the reaction functions of the electricity producer.

Step 2: the social planner’s expected welfare maximization problem

The social planner, assumed risk-neutral and giving the same weight to con-
sumers and producers, faces an uncertain future demand and has a limited
number of possible policy instruments (i.e. an emission cap and a REP sub-
sidy) to maximize the expected welfare. We assume no social externality
on the public funding, as this would imply that all public goods become
more expensive, including the environment. We would have to add a dead-
weight loss on the revenues from the emission cap allowances transfers, and
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distinguish several cases with and without auction. We keep therefore our
welfare function as simple as possible:

maxEW/(0Q, p) = > Ps(CS(p) (2.7)
P s Estates

+ ”(Pa f) T, a, Cb) - dam(f) Cl)
—p- T+ PC(f> a, (b))

Ps is the probability of the two states of the world: P, = A and P_ =
(T—A), A € [0,1]. CS(p) is the consumer surplus and dam(f,a) is the
environmental damage function from the greenhouse gases (GHG) emissions.
The last two terms of the expected welfare cancel pure transfers between
agents included in the profit functions. The consumer surplus CS and the
damage function are taken as simple as possible for clarity. In particular,
consumer are assumed risk-neutral:

d(p)

csmo)zjo a"(q)dq—p-d(p)

dam(f,a) =5 (tf —a)

With 6 the constant environmental damage coefficient (Newell and Pizer
2003). After having substituted the market variables in the expected welfare
function (2.7) with the reaction functions coming from the producer prob-
lem we maximize the expected welfare. The first-order conditions give the
optimal levels of the policy instruments across all states (p* and Q*).

2.3.2 Social optimum when the carbon price is nil in the low-demand state

PROPOSITION 2.1. When the carbon price is nil in the low-demand state of the
world, the optimal REP subsidy is strictly positive.

Proof. The optimal levels of the policy instruments across all states are given
by solving the first-order conditions of the welfare maximization problem
(2.7) (see Appendix B.5).

Q* =tA+ 114 +TL:0r (2.8)
)
—1(og+ o) (ty +6T) — —
Oa
14+ 0q0q7°

*=(1-A)ot 2.
pr =l ) 14+ 0q(0g + 0 — Aoy)T2 @9
knowing that all parameters are positive, and using the reaction functions

from the profit maximization problem (2.1), we can write:
O<pr<dT (2.10)
Results follow directly. O

If we considered only one certain state, we would fall back on the first-best
optimum characterized by a REP subsidy equal to zero and the emission cap
set so as to equalize the carbon price with the marginal damage 6. The cap
is set to be optimal in the high-demand state only, and does not depend on
the probability distribution. We see here in (2.10) that the optimal subsidy
is a portion of the marginal environmental damage (see also (2.12) below),
and is weighted by the probability of the low-demand-state (1 —A).
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By substituting the optimal levels of policy instruments in the reaction
functions, we obtain the socially optimal level of all market variables for
both states of demand (see Appendix B.5).

While in a first-best world the carbon price would equal the marginal en-
vironmental damage, in this second-best setting, the optimal carbon price in
the high-demand state is lower because the REP subsidy also reduces emis-
sions. The expected carbon price €4, = 3 Ps - ds can be rearranged

sEstates
into:
A1+ 0q0q(T)?
Z ?s'(bs:é.] ( ad()}\) . (2‘11)
sEstates +Ga(6d+0r— O'r)T

The term in the denominator expresses the substitutions taking place when
the abatement through carbon pricing only is no longer optimal.

PROPOSITION 2.2. When the carbon price is nil in the low-demand state of

2.3.3

the world, the REP subsidy equivalent in €/tCO, is equal to the marginal
damage of emissions minus the expected carbon price.

Proof. Combining (2.9) and (2.11) gives:

p*
—= 5— &g (2.12)

The proof follows directly. O

In (2.12), %* is the marginal abatement effort through REP promotion and
€4 is the expected marginal abatement effort through carbon pricing. The
simple intuition behind this result is that since the expected carbon price is
below the marginal damages, the additional instrument, e.g. the REP subsidy,
is also used to reduce emissions.

Since the carbon price is nil in the low-demand state, the expected carbon
price decreases with the probability of the high-demand state (everything
else being equal). Equation (2.12) reveals that the optimal subsidy moves
accordingly to keep the global expected mitigation effort constant and equal
to the marginal damage.

Expected emissions with various instrument mixes

As mentioned in section 2.2, in Weitzman’s model (Weitzman 1974) with an
additive uncertainty on the MACC, the expected emissions are the same with
a price or a quantity instrument. This is no longer the case in our model.

PROPOSITION 2.3. If there is a risk that the carbon price equals zero in the low-

demand state of the world, expected emissions vary with the instrument
mix.

Proof. See Appendix B.1. O

The expected emissions are lower in the second-best setting (with an
EU-ETS and a REP subsidy) than in the third (with an EU-ETS alone) and even
lower with a first-best carbon tax.

The expected carbon price changes also. It is lowest in the second-best set-
ting when it is optimal to implement a REP subsidy along with the emission
cap.

The drop between first-best and second-best is mostly due to the nil car-
bon price in the low-demand state of the world. When comparing third-best
and second-best, the carbon price is lower because another instrument, the
REP subsidy, is now also used to reduce emissions.
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Table 2.2: Signs of partial derivatives of the difference between the cap minus the
emissions in the low-demand state for a nil carbon price.

Par.  Meaning of an increase in the parameter Siin (.)f pz';\rtial
erivative
O0a  Higher abatement cost +
0a  More elastic power demand -
0r  Cheaper REP -
4 Higher marginal damage -
A Higher demand variance +

A Higher probability of the high-demand state -

Elements can be negative (), positive (+) or indeterminate (?).

Boundary condition for having a nil carbon price in the low-demand state
of the world

As discussed in the graphical anlaysis in Section 2.2, the carbon price drops
to zero when the optimal cap no longer crosses the low-demand MAC curve.
In this section we investigate the effect of a change in the main parameters
on the boundary between the positive-carbon price and the nil-carbon price
spaces.

PROPOSITION 2.4. On the boundary, the carbon price in the low-demand state

2.3.5

drops to zero as mitigation options (abatements and REP) become more ex-
pensive, uncertainty on the level of the electricity demand grows, the de-
mand gets more inelastic, the environmental damage gets lower and the
low-demand state gets more probable.

Proof. We compute the equilibrium conditions of the model without making
any assumption about the emission or the carbon price levels in the low-
demand state (see Appendix B.2). The expression for emissions, being a
decreasing function of the carbon price, give the expression of the MAC curve
in the low-demand state.

The difference between the emission cap and the low-demand state MAC
curve for ¢_ = 0 give then a test of the positivity of the carbon price in
the low-demand state. When emissions at ¢_ = 0 are below the cap, the
carbon price is nil, and when emissions are above the cap, the carbon price
is positive.

Table 2.2 gives the sign of the partial derivative of the difference between
the cap minus the emissions in the low-demand state for a nil carbon price.
On the boundary, if this difference increases, the carbon price drops to zero;
if it decrases, the carbon price rises above zero. O

Variables' elasticity with respect to parameters

As a preliminary step to the numerical sensitivity analysis presented in Sec-
tion 2.4, Table 2.3 and Table 2.4 show the sign of the elasticity of all variables
with respect to various parameters in the 2”4 Best setting (instrument mix
M;, see Appendix B.3), and indicate whether they are above or below 1.
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Table 2.3: Market variables’ elasticity with respect to various parameters.

Par MeaningA of an Level of f T p a ¢
increase in the demand .
fossil elec.  abate- CO;
parameter (state) . .
fuel price ments price
oa Higher High (+) + — I-1,00 <=1 ]-1,0[
abatement cost
Low(-) — + 0 0 o
o4 More elastic High (+) ? + 1010 1010 10;1(
power demand
Low(-) ? — 0 o o
i ? ? _1. _1- 1.
o, Cheaper REP High (+) ? ? =100 1—-1;0[ 1—1;0[
Low(-) ? ? 0 o o
5  igher High (+) - + 10; 11 1 1
marginal
damage Low(-) — + 0 ) )

Elasticities are between o and -1: ]-1,0[, between o and 1: Jo;1[, negative (-),
positive (+) or indeterminate (?).

Table 2.4: Elasticity of instrument variables with respect to various parameters.

. . . : REP Q: Emission
Par. Meaning of an increase in the parameter o

subsidy cap
O0a  Higher abatement cost lo;1[ +
04 More elastic power demand ]-1;0[ -
O0r  Cheaper REP lo;1[ ?
b Higher marginal damage 1 -

Elasticities are between o and -1: ]-1;0[, between o and 1: Jo;1[, negative (=),
positive (+) or indeterminate (?).

PROPOSITION 2.5. the optimal subsidy p* rises as abatement is more expensive,
production from REP sources is cheaper, electricity demand is less elastic to
electricity price and the marginal environmental damage from GHG emis-
sions rises.

Proof. Table 2.4 shows the sign of variation of the optimal levels of policy in-
struments when various parameters change?. A positive elasticity indicates
a positive variation when a parameter increases, and an absolute elasticity
smaller than one indicates that a 1% change in that parameter will cause
a less than 1% change in the variable. We see that the elasticity of p with
respect to 04 and o is positive but smaller than 1, with respect to o4 it is
negative but smaller than one and the elasticity with respect to 6 is 1. The
proof follows directly. O

The explanation of this result is straightforward: more REP should be in-
stalled when the environmental damage is higher, when REP are cheaper and

9. Elasticities have been calculated in Mathematica. The Mathematica notebook is available
upon request from the contact author
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when the other ways to reduce emissions, i.e. abatement and energy savings
become more expensive. Similarly, a higher abatement cost naturally leads
to a less stringent emission cap ), while a higher marginal damage and a
more elastic electricity demand (which means higher energy savings for a
given change in electricity price) lead to a more stringent cap. The impact of
cheaper REP on the optimal cap is ambiguous: on the one hand, it reduces
the overall cost of cutting emissions, leading to a more stringent cap, but on
the other hand it pushes to an increased use of the other policy instrument,
the subsidy, which minors the importance of the emission cap.

Table 2.3 shows that in state —, there is no abatement, the carbon price
is nil and the electricity price is solely determined by the supply curve, so
the parameters considered in Table 2.3 have no effect on these variables.
However, they have an indirect effect on f_ and v_ since they impact p.
Hence, the considered parameters increase the amount of REP r_ and they
decrease the amount of fossil-fuel electricity f_ when they increase the REP
subsidy p.

In state +, as one could have expected, more abatements and a higher CcO,
price ¢ are triggered by a lower abatement cost, a more elastic electricity
demand, more expensive REP, and a higher marginal damage. Moreover, a
higher electricity price is triggered by a higher marginal damage, costlier
REP, a more elastic electricity demand and, more surprisingly, a lower abate-
ment cost. The explanation is that a lower abatement cost implies a more
stringent target (Table 2.4), which in turn raises the electricity price in state
+.

In state +, changes in energy production follow changes in the CO, price
$4: lower abatement costs, higher marginal damages and a more elastic
electricity demand increase the CO, price, which in turn decrease the relative
competitiveness of fossil fuel. In state —, the CO, price is nil and changes are
more sensitive to the REP subsidy: higher abatement costs, higher marginal
damages and a more elastic electricity demand increase the optimal REP
subsidy, which in turn increase the relative competitiveness of REP.

Comparing Table 2.4 and Table 2.3 finally shows that the carbon price
and the REP subsidy vary in opposite directions (except when the marginal
damage changes). This can be seen in (2.12). If there is a risk that the car-
bon price equals zero in the low-demand state of the world, the mitigation
efforts induced by the carbon price are no longer sufficient. An additional
effort through REP production is necessary, induced by a strictly positive REP
subsidy.

NUMERICAL APPLICATION: THE EUROPEAN ELEC-
TRICITY SECTOR

Modified model

Having shown some analytical results with a model of a electricity sector
alone, we turn to a slightly more complex model to show numerical results
calibrated on the European electricity and allowance markets. In this section,
we add an explicit allowance supply from non-electricity European Union
Emission Trading System (EU-ETS) sectors. We therefore add a composite
sector including all the other constrained emitters. The electricity producer
can buy emission allowances (e) from the other constrained sectors on the
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allowance market to comply to the emission constraint. The other EU-ETS
sectors are represented by their total abatement cost function, which has the
following form:

ACe:%EEZ— te EE in state +

0 in state —

where o is the slope of the aggregate non-electricity EU-ETS sector marginal
abatement cost curve (MACC). The intercepts differ in the low demand and
the high-demand state of the world. We assume there is a positive corre-
lation between the level of electricity demand and the level of industrial
activity. When the electricity demand is low, the industrial activity is also
low and the allowance surplus is higher.

Next subsections will detail the data and assumptions made to calibrate
the model. Some parameters being subject to a large uncertainty, we use a
range of possible values for those parameters and discuss the distribution of
results. For each uncertain parameter, we use a uniform probability distri-
bution and we assume that these parameters are not correlated (except for
the electricity demand and the industrial activity levels). Table 2.6 shows the
minimum, median and maximum values of calibrated parameters resulting
from the calibration process and used in the simulations.

We performed simulations with all possible combinations of parameters
shown in Table 2.6, without any constraint on the carbon price. We tested
the positivity of the carbon price, and if negative in the low-demand state,
we conducted other simulations by constraining the carbon price to be equal
to zero in the low-demand state. This distinguishes two qualitatively differ-
ent simulation results. In the first category (subsequently called 2"d Best
B), the carbon price is strictly positive in the low-demand state and the
renewable energy power (REP) subsidy is nil. In the second category (subse-
quently called 2" Best A), the carbon price is nil in the low-demand state
and the REP subsidy is strictly positive. Appendix B.g details the equations
and solution of this model.

Data and assumptions for calibration

Supply functions

The supply curves are tuned so as to match estimated long term marginal
production costs functions. According to OECD (2010), the REP produc-
tion break-even point starts at €8o/Mwh and goes up to €160/Mwh. This
marginal cost is rather a lower bound, as network and intermittency costs
tend to raise it. We calibrated the REP supply function slope so as to reach
the upper limit of the REP long-term marginal cost at a given percentage of
a reference production level. This reference production level is taken equal
to the electricity production from REP and fossil fuels in 2008, that is 2,060
TWh (ENERDATA 2013). For the maximal penetration rate of REP, we took a
range of possible percentages, ranging from 10% to 50%. The fossil fuel long
term supply curve, set at €8o/Mwh is tuned to an average European CCGT
levelized cost of electricity, following OECD (2010).

Demand function

The demand function has been calibrated so as to have a given price-elasticity
when the demand equals the average between the 2008 and the 2009 refer-
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ence production levels (2,060 TWh in 2008 and 1,929 TWh in 2009 (ENERDATA
2013)). We chose elasticities ranging from -o.1 to -0.5. The demand standard
deviation A between the two states of the world was assumed to be close to
the mean absolute deviation from the reference demand in 2008 and 2009.
We chose values ranging from +50% to -50% of this value to account for the
uncertainty on a possible future shock on demand. We assume each state of
demand has a probability of % to occur.

Abatement costs

The slope of the MACC in the electricity sector has been calculated as fol-
lows: given an average CO, price of €22/tCO, in 2008, we assumed that
fuel-switch allowed to abate a range of percentages of the total emissions of
the electricity sector in 2008, ranging from 1 % to 5 %. This is in range with
Ellerman and Buchner (2008), reporting an abatement of around 5% at a CO,
price equal to €15/tCO,. The MACC of the EU-ETS sector other than electricity
was calibrated in the same way, by assuming a certain percentage of abate-
ment in 2008 given the CO, price. We assumed abatements ranging from 1%
to 5% for both sectors. The intercept of the MACC for non-electricity sectors
in the low-demand state was calculated so as to obtain the difference of al-
lowance over-allocation between 2008 and 2009 when the CO, price drops to
zero (102 MtCO, of allowance surplus in 2008, 241 MtCO, surplus in 2009;
data from Sandbag (2012). We took into account the perimeter of the EU-ETS
combustion sector — which includes electricity and heat production — by
adding the additional surplus allowances coming from the heat plants (41
MtCO; according to Trotignon and Delbosc (2008)).

Additional parameters

We took an average carbon intensity of 0.5 tCO,/MWh for fossil production
(IEA Statistics 2011), and a marginal damage between €10 and €30/tCO,.
The calibration presented in previous paragraphs is very cautious, consider-
ing demand and production levels already observed in 2008 and 2009. The
increased regulatory risk induced by the introduction of the third EU-ETS
phase and possible changes in the future Energy Efficiency Directive are
captured through changing the standard deviation of demand and emission
surplus from the non electricity EU-ETS sector.

Table 2.5 synthesizes the range of values used for all parameters subject
to a large uncertainty.

Optimal policy instruments and CO, price levels

With the parameter ranges shown in Table 2.6, 50.9% of the simulations
display a nil carbon price in the low-demand state and a strictly positive REP
subsidy. Figure 2.2 illustrates Proposition 2.1. It shows box whisker plots of
the optimal emission cap O* (Fig. 2.2a) and the optimal REP subsidy p* (Fig.
2.2b) in all simulations with a 24 Best instrument setting (mix MY) and a
nil carbon price in the low-demand state. Figure 2.2c shows a box whisker
plot of the expected CO, price.

The optimal emission cap ranges from 0.91 to 1.02 GtCO,, and the opti-
mal subsidy ranges from €2.68/MwWh to €9.93/MWh. The optimal expected
CO, price ranges from €2.97/tCO, to €13.6/tCO,. As a comparison, the ac-
tual cap calculated by Trotignon and Delbosc (2008)) amounts to 1.05 GtCO,,
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Table 2.5: Ranges of parameters used in the numerical simulations for calibration
purposes. All possible combinations of parameters were successively simulated.

Description Dimension Range
Marginal environmental damage (€/1C0O3) (10,20,30)
Price-elasticity of demand (absolute value) 1 (0.1,0.2,...,0.5)
Abatement from the aggregate EU-ETS sector for 15 (%) (1,2,5)
€/tCO,
Abatement from the power sector for 15 €/tCO, (%) (1,2,..,5)
Maximum share of REP in the energy mix (%) (10,20,...,50)
Standard deviation of demand (Twh) (33,49.--,98)
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Figure 2.2: Box whisker plots of the optimal instrument values and expected CO,
price for all simulations with a 2" Best instrument setting (mix M%) and a nil carbon
price in the low-demand state of the world.

the actual REP tariff range from €50/Mwh to €90/Mwh in France and Ger-
many and since summer 2011, the CO; price has been in the range (€3/tCO,-
€13/1C0;,). The relatively low levels of both the expected CO, price and the
REP subsidy are due to the fact that it is a linear combination of both that
equals the marginal damage (see (2.12)). These values cannot necessarily
be directly compared to actual subsidy levels since the latter account for all
positive externalities expected from REP support.

Expected welfare gains from adding a REP subsidy

In order to evaluate the gains from adding a subsidy to the EU-ETS, we com-
pute the expected welfare differences between simulations with different
instrument mixes. We compare four settings:

A first-best instrument mix (Mj), with a unique CO, price across all states
of the world;

A second-best instrument mix (M), with an EU-ETS and a REP subsidy;

A third-best instrument mix (M3), with an EU-ETS alone and a nil CO, price
in the low-demand state.

A business-as-usual setting (M), with no policy at all.

The gain — or welfare difference — is calculated as the drop in environmen-
tal damages minus mitigation costs. Fig. 2.3 shows box whisker plots of
the expected welfare gains from adding a given instument mix compared to
the business-as-usual (BAU) setting (Mo to M3, My to My, My to M) in all
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Table 2.6: Values of the calibrated parameters.

Units Description Min Med. Max
0a  (€/MtCO,?)  Slope of the power sector MACC 044 o081 22
oe  (€/MtCO,?) Slope of the rest-of-EU-ETS MACC 052 095 261
0aq (GWhZ/ €) Slope of the demand function 2.58 6.7 12.9
or  (GWh?/€)  Slope of the RE supply function 249 643 125
b (€/tC0O>) Marginal environmental damage 0 153 30
A (TWh) Variance of demand 32.8 69.6 983
T (tcO,/MWh) s::;;ielecce;ici)g] intensity of fossil fuel- 05 0.5 0.5
A - Probability of the high-demand state 0.5 0.5 0.5
" (€/MWh) iirzflrcept of the fossil fuel supply func- 8o 8o 80
tr (€/MWh)  Intercept of the RE supply function 8o 8o 8o
ta (GE/MWh)  Intercept of the demand function 219 251 2.99
lerr (€/1CO) %;T::?;t of the rest-of-EU-ETS MACC 946 173 473
o (€/1CO5) Intercept of the rest-of-EU-ETS MACC o o o

(state -)
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Figure 2.3: Box whisker plots of expected welfare gains from adding a given instru-
ment mix to a BAU setting with no instrument (Mo —M3, Mg =M}, My —M;)
in bn €, and of expected welfare gains from adding a REP subsidy to an EU-ETS
(M3 —M3}) in million € and in percentage of the expected gains from a carbon tax,
in all scenarios where the CO, price is nil in the low-demand state of the world.
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Figure 2.4: Box whisker plots of the expected values of various variables in simula-
tions My (carbon tax), M} (EU-ETS + REP subsidy) and M} (EU-ETS alone) when the
CO, price is nil in the low-demand state.

scenarios where uncertainty is such that the CO, price turns out to be nil in
the low-demand state of the world.

Compared to a BAU setting with no instrument (mix My), The gains from
having an EU-ETS and a REP subsidy if there is a risk that the CO, price equals
zero in the low-demand state are quite important, ranging from more than
€1.4 billion to several hundred million €. The gains from adding a REP
subsidy to an EU-ETS range from ca. €10 million to several hundred million
€. They represent from approximately 3% to 24% of the gains one could
expect from a first-best carbon tax.

2.4.5 Expected emissions, productions and prices with various instrument mixes

Following our analysis in section 2.3 and illustrating Proposition 2.3, the Fig.
2.4 presents box whisker plots of expected values of different variables in
the simulations with a nil CO, price in the low-demand state (superscript
n). We computed those values with a 1%t Best instrument mix (a carbon



54

| CAN UNCERTAINTY JUSTIFY OVERLAPPING INSTRUMENTS FOR MITIGATION?

10 I 10,
oof T —
0.8

O N B O 0

—_— ——
0.7
0.6
Mg M7 M7 M3
(a) Emission cap value (GtCO). (b) REP subsidy (€/MWh REP).

60
50
40
30
Y e e 0

M3 M7 M2 M7

15,
10,

T

(c) CO; price in the high-demand state  (d) CO, price in the low-demand state
(€/1CO,). (€/1CO,).

Figure 2.5: Box whisker plot of various instrument levels and CO, price in simula-
tions M} (EU-ETS + REP subsidy and a nil CO, price in the low-demand state) and
simulations M3 (EU-ETS + REP subsidy and a strictly positive CO, price in the low-
demand state).

tax, labeled M7), with a 2nd Best setting (EU-ETS + subsidy, labeled M%)
and in a 3™ Best setting (EU-ETS alone, labeled MY). Figure 2.4a presents
the expected emissions, Figure 2.4b the expected CO, price, Figure 2.4c the
expected energy production and Figure 2.4d the expected wholesale price.

Consistently with Proposition 2.3, Figure 2.4a shows that expected emis-
sions are lower in the M} setting than in the MY setting, and the lowest
in the M setting. The expected CO, price is the lowest in the M} setting.
As a result, the wholesale price is also the smallest in the M} setting, but
expected energy production is the highest.

Shift in the optimal emission cap and €O, price

In order to discuss the optimization behavior of the social planner, we ana-
lyze the optimal instrument levels and carbon price in the second-best set-
ting (labeled M;) for all parameter combinations. For each combination, the
uncertainty on the electricity demand is either low enough to get an optimal
emission cap that is binding in both states of demand (M}), either too high
and implies a nil CO; price in the low-demand state of the world (M}). We
then compare the two groups of simulations and show the results as box
whisker plots in Fig. 2.5. Fig. 2.5a shows the optimal emission cap for all
parameter combination, Fig. 2.5b the REP subsidy, Fig. 2.5¢ the CO, price
in the high-demand state of the world and Fig. 2.5d the CO, price in the
low-demand state of the world.

As already discussed in section 2.2, Fig. 2.5a shows a higher emission
cap in all MY scenarios. This is due to the fact that when the CO, price
turns out to be nil in the low-demand state, no additional mitigation effort
is made in this state and the cap is optimized ex-ante on the high demand
level. Fig. 2.5b, 2.5¢ and 2.5d illustrate Proposition 2.2. If there is a risk
that the CO, price equals zero as for all M} scenarios in Fig. 2.5d, there is a
strictly positive subsidy (M} scenarios in Fig. 2.5b) and the CO, price in the
high-demand state of the world drops compared to M} scenarios(Fig. 2.5¢).
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2.5 DISCUSSION AND CONCLUSION

We bring a new contribution to the analysis of the coexistence of several pol-
icy instruments to cover the same emission sources. We find that optimizing
simultaneously an European Union Emission Trading System (EU-ETS) and
e.g. a subsidy to renewable energy power (REP) can improve the welfare
compared to a situation with the EU-ETS alone, especially if uncertainty on
the level of electricity demand (and hence on the abatement costs) is high
enough. In a context of a very low CO, price and large anticipated surplus
on the EU-ETS at least until 2020, these findings justify the addition of other
policy instruments aiming at reducing CO, emissions covered by the EU-ETS
to a possible future revision of the emission cap.

We find that under a reasonable set of parameters, defining simultane-
ously an emission cap and an overlapping policy instrument, such as a REP
subsidy of about €2.7/MWh to €9.9/MWh (corresponding to a tariff ranging
from €85/Mwh to €95/MWh) can improve welfare by about 2.4% to 23.6% of
the total gain of a carbon tax, that is about €9 million/yr to €366 million/yr.
This gain is obtained through CO, emission reductions alone and does not
rely on additional market failures or externalities. The addition of a REP
subsidy also increases the total energy production, decreases the electricity
price and the CO, price and reduces the total expected emissions. Our re-
sults are in line with existing literature concerning the decreasing effect of a
REP subsidy on the carbon price when it is combined with an emission cap.
We however find that under certain circumstances, interactions between a
subsidy and an emission cap can reduce emissions and improve welfare,
compared to an emission cap alone.

On a more methodological note, our results invite to deepen the reflec-
tion on the role of uncertainty. Noticeably, they highlight the possibility
of corner solutions (in this case, a zero CO, price), when comparing policy
instruments and policy packages. In addition to showing that an optimal
policy mix to reduce CO, emissions can contain more than one instrument,
we find several key analytical results that qualitatively differ from the lit-
erature. For instance, expected emissions are no longer equivalent between
policy instruments, even with an additive uncertainty on the marginal abate-
ment cost (MAC), and the optimal emission cap no longer depends on all
states of nature but only on the high-demand one.

Our results are based on the assumption that the risk of the CO, price
dropping to zero cannot be excluded. The history of many cap-and-trade
systems, including the US acid rain program, Regional Greenhouse Gases
Initiative (RGGI) and the EU-ETS fully justifies this assumption, since the al-
lowance price has dropped to virtually zero (or to the floor price) in all these
systems. Moreover, uncertainty on the CO, price does not only stem from
the business cycle, as in our model, but also from uncertainty on future
policies, such as the Energy Efficiency Directive whose implementation is
currently debated in the European Union (EU). Our analysis brings some
economic insight into the debate about the future European policy mix and
about whether it is justified or preferable to complement a future revision
of the EU-ETS cap with an overlapping instrument.

While developping REP is a valuable option to mitigate emissions, our
results could be obtained with any instrument giving an incentive to re-
duce emissions in states of the world with low demand levels. Instruments
promoting energy efficiency could be equally efficient, provided the actual
energy consumption reduction is calculated against the right baseline. One
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could imagine instruments being more efficient in low-demand states than
in high-demand states where mitigation is already incentivized by the pos-
itive carbon price, such as efficiency standards based on the mitigation ef-
fort. It is hard however to imagine how such instruments would work in
practice. Moreover, we explore only one channel of potential interactions,
namely uncertainty combined with the unavailability of a carbon tax. Other
justifications and effects should be considered when trying to give an ac-
curate picture of the potential efficiency of an instrument addition to the
EU-ETS, such as learning or innovation considerations and dynamic or gen-
eral equlibrium effects for example.

Complementing an EU-ETS with price-like features, such as an auction re-
serve price or a price floor as argued by Fankhauser et al. (2010) would
bring the necessary incentives in the low-demand state. Our results depend
however on the second-best framework implied by an inefficient EU-ETS. Op-
timizing an auction price or a floor price along with the emission ceiling, as
in our model, would effectively allow to get back to a first-best framework
by imposing a floor at the Pigovian level. If on the contrary one assumes
the CO, price, the floor price or the auction reserve price to be “too low”
(i.e. below the Pigovian level), as does Hoel (2012), our framework becomes
relevant again and an additional instrument becomes welfare-improving.

Further aspects could be worth investigating. Modeling banking across
trading periods with periodic renegotiation of the cap could mitigate the
sub-optimality of the EU-ETS hence the room for complementary policies,
but it would seriously complicate the analysis without necessarily provid-
ing new insights. Assuming other sources of uncertainty, such as techno-
logical or regulatory uncertainty could also have an effect on the outcome,
depending on the probability associated with a nil carbon price. Finally, we
focus our analysis on one channel of positive interactions between several
mitigation instruments. Completing the picture by incorporating other mar-
ket failures could bring useful insights on the benefits brought by adding a
mitigation instrument to the EU-ETS.
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3.1

PHASING OUT DIRTY CAPITAL:
ASSESSING AND ORDERING
INVESTMENT IN LOW- AND
ZERO-CARBON CAPITAL'

INTRODUCTION

The European Union aims at decarbonizing almost completely the power
sector by 2050 (EU 2011). This requires that the preexisting carbon-intensive
capital is replaced by one or several types of long-lived and greener capi-
tal. Cutting emissions from existing coal power plants can for instance be
achieved by building gas power plants (gas is less carbon-intensive than
coal), or often more-expensive but almost-carbon-free options such as nu-
clear or renewables (hydro, wind, solar, biomass).> The use of different
types of low-carbon capital running on different types of fossil fuels for the
transition raises two main challenges:

What is the optimal timing of investment and production to phase out the
preexisting carbon-intensive technologies?

How to assess the cost-efficiency of this transition?

We find that taking congestion costs (in the form of convex investment
costs) into account is essential when assessing the phasing out of all pre-
existing carbon-intensive capacities. Congestion accounts for the fact that
preexisting capital cannot be replaced at once, and captures the increasing
opportunity cost to use scarce resources (skilled workers and appropriate
capital) in order to build more green capacities. Increasing the speed of
investment is only possible at an increasing marginal cost.

We find that depending on these congestion effects, investment in green
technologies may not follow an intuitive ranking. For instance, expensive
renewable power may be used to phase out dirty coal before lower-cost gas
power plants start to be built. Moreover, it may be optimal to build large
amounts of gas power plants, and leave them partly unused before they
depreciate (a process known as early scrapping).

We investigate the use of long term marginal costs, or levelized costs to
assess investment in each technology, i.e. the ratio of discounted costs of
installing and using the technology, over discounted production during its
lifetime — including the cost of greenhouse gases (GHG) emission. In energy
textbooks and studies, for instance, the levelized cost of electricity (LCOE) is
used to compare various types of power plants (e.g. Alok 2011, Branker
et al. 2011, Kost et al. 2012, EIA 2013, IPCC 2007) for given investment costs
and for a given number of operating hours per year. An accepted rule
of thumb is that technologies that produce at a lower levelized cost are
superior. It is not clear whether the levelized costs define a merit order, i.e.

1. This chapter has been coauthored with Adrien Vogt-Schilb, PhD student at CIRED. It is a
modified version of a CIRED working paper (Lecuyer and Vogt-Schilb 2013).

2. This paper focuses on the electricity sector for clarity, but the results could be applied
with only small adaptations to the transportation sector, who faces similar challenges. In
order to reduce emissions from transportation by two thirds below the 1990 level by 2050,
legacy inefficient thermal vehicles can be replaced by more-efficient thermal vehicles, or more-
expensive but less-emitting plug-in hybrids and electric vehicles.
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whether “lower-cost” technologies should be built first, and “higher-cost”
technologies should wait that the carbon price is sufficiently high to become
competitive. 3

We find that optimal LCOEs are not equal between technologies, and not
equal to the output price, contrary to what textbook say, even when they
account for emission and resource costs, because they do not take congestion
effects into account. In the numerical application to the European electricity
sector, we find that the optimal LCOE of wind is higher than the optimal
LCOE of gas. LCOEs account for GHG emissions and variable energy costs, but
assume investment costs are constant. Because investment costs are convex,
investing early reduces the discounted cost of the transition, and the optimal
long-term technology mix has consequences on optimal short-term efforts.
Here, wind capacities are built faster, and their investment drops also faster
than gas. As a result, using LCOE to assess wind investment is a greater
approximation than for gas, and its LCOE is higher.

Our results suggest that in the European electricity sector, decisions taken
by comparing the levelized costs of various technologies would favor inter-
mediate technologies (e.g. gas plants) to the detriment of more-expensive
but lower-carbon technologies (renewable power), leading to a suboptimal
investment schedule.

At our best knowledge, the literature lacks a theoretical model to assess
the optimal cost and timing of investment in different types of low-carbon
capital. A related question is however treated by Vogt-Schilb et al. (2012).
They consider a social planner who accumulates one type of carbon-free cap-
ital in several sectors to meet a carbon budget at the lowest discounted cost.
They find that the optimal cost and timing of GHG reductions differ consid-
erably from those obtained with more classic models relying on abatement
cost curves. More precisely, capital accumulation means that: (i) abatement
(in tCO, /yr) start later than generally found — less abatement in the short
term and more abatement in the long term — and (ii) optimal economic ef-
forts — i.e. investment — to curb emissions (in $/yr) are concentrated over
the short-term and decrease in time. They do not represent several types
of low-carbon capital within a sector however, nor consider any demand
constraint applying to all technologies. 4

The remaining of the paper is structured as follows: we describe the
model in Section 3.2. In Section 3.3 we derive the first-order conditions
and discuss the equimarginal principle. Section 3.4 characterizes the var-
ious phases of the investment dynamics. In Section 3.5 we calibrate our
model with data from the European electricity sector. Section 3.6 concludes.

3. Of course, the levelized costs provide only part of the relevant information to assess dif-
ferent technologies. In particular, ranking technologies according to their levelized costs leaves
aside any benefits of early investment from learning by doing (LBD) effects. However, several
existing studies suggest that those effects are negligible. Goulder and Mathai (2000) investigate
the impact of LBD on the optimal timing of GHG reductions in an aggregated model and find
little difference with the simulation without LBD. Fischer and Newell (2008) investigate the op-
timal costs of producing electricity from renewable power subject to LBD and find that justifies
only a 10 % increase in the optimal cost.

4. Beginning with an early suggestion by van der Ploeg and Withagen (1991), other con-
tributions study the link between low-carbon capital accumulation and the optimal timing of
GHG emission reductions. Among them, Fischer et al. (2004) study the optimal carbon tax in a
model where clean capital accumulation reduces GHG emissions and environmental damages
lower current welfare. Gerlagh et al. (2009) and Acemoglu et al. (2012) add knowledge accumu-
lation to a similar framework. Rozenberg et al. (2013) study the intertemporal distribution of
abatement efforts implied by several mitigation strategies (under-using existing brown capital
or focusing on emissions embedded in new capital) to meet an emission ceiling constraint.
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MODEL

A social planner controls the supply of electricity, referred to as output in
this article. It builds green capacity, which emits less GHG than preexisting
high-carbon technologies — e.g. coal power stations — treated as an aggre-
gated overabundant dirty backstop. It uses green and preexisting brown
capacities to meet an exogenous inelastic demand, and cope with a given
carbon budget.

Investing in and using capital

At each time t, the social planner chooses positive investment x; ¢ in a set
of technologies indexed by 1. The investment adds to the installed capacity
ki,t, which otherwise depreciates at the constant rate & (dotted variables
denote temporal derivatives):

Kit =xi,t — OKi ¢ (3.1)
Xi,‘[ 2 0 (32)

Without loss of generality,> we assume green capacities are nil at the begin-
ning (ki ,t—o = 0). Investment is made at a cost c;(x;,¢) assumed increasing
and convex (c/ > 0,c{’ > 0). This captures the increasing opportunity cost
to use scarce resources (skilled workers and appropriate capital) in order to
build more green capacities. ®

The social planner then chooses how much output to produce from each
technology. We assume that the production process exhibits constant re-
turns to scale: two gas plants can produce twice the power that one gas
plant can produce. The positive production q; ¢ with technology i cannot
exceed the installed capacity ki :

0<qi,t < kit (3-3)

We define the utilization rate u; ; as the ratio of production over installed
capacity:

Uit = %’: (3-4)
1’)

We assume that overabundant brown capital is inherited at the beginning of
the period (e.g, inefficient coal plants). At each point, the total production
(including from preexisting brown technologies) has to meet an exogenous
demand D assumed constant for simplicity:

Z qi,t =D (3.5)

5. A initial situation with existing green capacities can be tackled simply by scaling down
the total capacity to be phased out: green capacities replace only the preexisting emitting
capital. In Section 3.5 we tackle the case of the European electricity sector with preexisting
low-carbon capacity.

6. Unlike Vogt-Schilb et al. (2012), we allow investment made infinitesimally slowly to be
costly: ¢{(0) > 0.
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Carbon budget

Let R; be the carbon intensity (or emission rate) of technology i. The stock
of cumulative emissions m¢ grows with emissions R; gy ¢:

My = Z Ridi¢ (3.6)
i

The social planner is subject to a so-called carbon budget, i.e., cumulative
emissions cannot exceed a given ceiling M:

Cumulative emissions have been found to be a good proxy for climate
change (Allen et al. 2009, Matthews et al. 2009).7 Some policy instruments,
such as an emission trading scheme with unlimited banking and borrowing,
set a similar constraint on firms.

Low and zero-carbon technologies

For analytical tractability, we assume the social planner can choose only two
green technologies: a fossil-fueled low-carbon technology (LCT), labeled ¢ in
subscripts and an inexhaustible zero-carbon technology (zCT), labeled z in
subscripts.

The zCT (e.g, renewable power) is completely carbon-free.

R, =0 (3.8)

We model a single preexisting high-carbon technology (HCT), labeled h
in subscripts, representing e.g. coal power, assumed to be more carbon-
intensive than the low-carbon technology:

Rn >R >0 (3.9)

We assume that low-carbon capacity is cheaper than zero-carbon capacity in
the sense that:

Vx  cp(x) < cL(x) (3.10)

Investment xit is assumed to be in full capacity equivalent, meaning that
we assume each unit of capacity installed produces at full rate.® Production
from the HCT and the LCT requires to buy fossil fuels at an exogenous cost
ay, assumed constant for simplicity, so that the total cost function equals: 9

iyt Cip = cilxi,e) + o - qige (3.11)

Finally, we focus on the case where the ceiling on GHG concentration is
binding. This corresponds for instance to a case where h represents coal,
too abundant to reach the 2°C target.

7. Many models assume the atmospheric carbon naturally decays at a constant rate. We
chose not to include this to keep the analysis as simple as possible. Physical models suggest
moreover that such an assumption is incompatible with the carbon cycle as it is known.

8. The numerical version of the model tries to capture some of the intermittency issues of
renewables by adding an average load factor. The analytical model is however kept as simple
as possible.

9. An interesting extension would be to consider endogenous resource costs, coming from
the scarcity of an exhaustible stock of resources.
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Description Power

i technology index
h high-carbon technology (HCT)
1 low-carbon technology (LCT)

z zero-carbon technology (ZCT)

kit  capacity of technology i at time t GW
di,t  production of technology i at time t GW
Xi,t  investment in technology i at time t GW/yr
Vi,t  shadow price of new capacities i $/(GW- yr)
Ht  present cost of emissions $/tCO,
®i,t present cost of resource used by technology i $/MWh
Yi,t  shadow rental cost of existing capacity i $/(GW- yr)
Wt output price $/Gwh
¢i(*)  investment costs in technology i $/yr
Mt stock of atmospheric carbon tCO,
5 depreciation rate yr!
T discount rate yr!
Ry emission rate of technology i tCO, /GWh
M carbon budget tCO;
D Demand GW

Table 3.1: Variables and parameters notations used in the model. The last column
gives possible units for the electricity sector.

3.2.4 Social planners program

The program of the social planner consists in determining the trajectories of
investment x; y and production q;  that minimize discounted costs while
satisfying the demand D and complying with the carbon budget M (r is the
constant discount rate and the Greek letters in parentheses are the costate
variables and Lagrange multipliers):

o0
min e ™Y i)+ o - qidt 12
Xi,taqi,tJO ; 1( l,t) 1 ql,t (3 )
s.t. ki,‘[ = Xi,t — éki,t (Vi,‘[)
di,t < Kit (vi,t)
Z qi,t =D (wt)
i
qi,t =20 (Ai,t)
Xi,t =0 (&i¢)
e _ZRi di,t (k)
i
m <M (M)

Notations are gathered in Table 3.1.
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SIMPLIFIED FIRST-ORDER CONDITIONS AND THE
EQUIMARGINAL PRINCIPLE

When production and investment are strictly positive, the multipliers as-
sociated with their respective positivity constraints are nil, and first-order
conditions simplify to (see C.2 for the complete equation set):

Ci/(xi,t) = —eTtVi,t (3-13)
Vit — Vit = Wy — MRy — i ¢ (3-14)

These simplified FOCs simply state that the marginal investment cost is equal
to a value (v; ¢) that depends on the resource costs («; (), the carbon costs
(u¢Ri) and the variable cost of the marginal technology (w¢) through a
differential equation depicting the natural depreciation of capacities.

The simplified FOCs imply that when production and investment are strictly
positive, the optimal investment schedules x; ; satisfy the following differ-
ential equation: °

(5+7) c{(xi)t)—%c{ vt

The left hand side of (3.15) corresponds to what Vogt-Schilb et al. (2013)
have called the marginal implicit rental cost of capital (marginal implicit rental
cost of capital (MIRCC)), extending the concept proposed by Jorgenson (1967)
to the case of endogenous capacity prices. It corresponds to the efficient
market rental price of capacities, where capitalists would be indifferent be-
tween: (i) buy capital at t at a cost ¢/(x; ), rent it out during one period
dt at a price pj ¢, and sell the depreciated (8) capacities at t + dt at a price
cl(xi¢) + %c{(xiyt)dt or (ii) simply lend money at the interest rate r. Ap-
pendix C.1 details another intuition behind this concept.

The right hand side of (3.15) relates to the variable costs and revenues of
a producer. The output is sold at its current price e wy.™* Producing one
unit of the output requires to use fuel bought at the current price o; ¢ e
and pay for the emitted carbon Ry (3.6) at the current price p¢ e™.

Equ. (3.15) can be seen as an application of the equimarginal principle.
It provides a simple rule to arbitrate production decisions at each moment,
by relating the output price, the rental cost of productive capacities and
the variable costs. As the equimarginal principle applies to the decision of
renting the capital, it does not directly describe trade-offs for investors.

(xi,t) =e™" (Wt —pe Ry —oq¢) (3-15)

Optimal marginal investment costs when production and investment are
positive

The optimal investment trajectory are the solution of the differential equa-
tion (3.15). > If production and investment are strictly positive during a

10. (3.13)—6 %(3.13) leads to e™ (Viy — 8vie) = (8 +71) ¢ (xi,t) — %C{(Xi,t); substitut-

ing in (3.14) leads to the desired result.

11. w¢ can be interpreted from a certain perspective as the output price, as it is the shadow
cost of the demand constraint. The demand being really an obligation to produce, it corre-
sponds formally to the variable cost of the marginal production technology, or in other terms
to the variable cost of the last most expensive unit of capacity not used (see (C.10)). Compara-
bly, being the shadow cost of the carbon budget constraint, p1; can be interpreted as the carbon
price (see C.18).

12. Note that it still does not result in a simple static criteria for investment, to compare two
technologies. At a given point in time, one does not know in which technology he should
invest: the optimal marginal investment costs (MICs) of one technology can be superior or
inferior to the other.
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time interval (o3, T;), the optimal MIC dci, defined as the instantaneous cost
of investing in one additional unit of capacity (in full capacity equivalent),
can be expressed as a sum of two terms:

the present value of all future revenues from selling the output minus costs
from emission and resource usage (w — 1 Ry — &) produced by the depreci-
ated marginal unit of capacity (e~ ®(*=9)), plus

a term expressing the end-of-game value of the unit of capacity installed,
tending toward c{(xi r, ):

vt S (GivTi)) (316)
Ty
qmﬂzaﬂ e 340 (g — g Ry — oy 0)dO
t

+ el ()

C.5 shows that (3.16) is the textbook solution of (3.15). As can be seen
in Fig. 3.1, (3.16) can be seen as a generalization of the previous finding
by Vogt-Schilb et al. (2012) that when abatement is obtained by accumulat-
ing low-carbon capital, optimal efforts to curb emissions are not necessarily
growing over time.

Levelized Cost Of Electricity

Equ. (3.16) gives a general relation between the optimal MIC and a dis-
counted sum of future revenues during a time period when capacities are
used. In practice, an investment decision at time t relies upon the antic-
ipation of all future cash flows. Levelized costs of electricity (LCOEs) are
frequently used to compare different technologies in the power sector, with
the underlying idea that technologies with lower LCOEs are cheaper, hence
superior, to technologies with higher LCOEs (e.g. Alok 2011, Kost et al. 2012,
EIA 2013, IPCC 2007). 13

DEFINITION 3.1. The levelized cost of electricity (LCOE), denoted L; ¢, is the

3.4

3.4.1

ratio of discounted costs to discounted production of the marginal capacity
(we express them in present value):
Lo = e bl (xi,0) + [ (MRi + g o) ui,o e 010~ do
Lt [ uy g e~ (r30(0-1) gp

(3-17)

The total costs from the marginal capacity built at t express as the in-
vestment cost c/(xj,¢), plus the variable costs (uR; + «; g) associated with
the marginal capacity along its lifetime (during which it will depreciate at
the rate ; and will be used at a rate uj ¢ (3.21)). The denominator is the
discounted production of the depreciating marginal unit of capacity over
time. A question is whether the LCOE may be used as a good proxy to assess
investment decisions.

ANALYTICAL RESULTS

Assessing investment in carbon-intensive and zero-carbon capital

Assessing in detail investment decisions and ordering investment in green
production technologies requires to characterize completely the optimal MICs,

13. C.3 discusses the definition of levelized costs in a static framework.
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hence the various phases defined by the slackness conditions (notably the
time period (oi,Ti) of (3.16)): 4

1. In a first phase (for t € [0, T,,]) HCT production decreases (compensated by
the increasing total production of LCT and zCT). The output price equals

the (constant) emission costs plus the resource costs from the high-carbon
technology: w¢ = puRy + ap.

2. In the second phase (t € [Ty, Ty]), LCT production decreases slower than the
natural rate of replacement of its capacity. Investment in LCT continues even
if its production decreases (x¢,¢ < dkg,¢). From T, on, (for t € [Ty, T]) LCT
production decreases and ZCT production increases (LCT production may
decrease before Ty,).

3. In a third phase (for t € [T, T]) LCT production decreases faster than the
natural depreciation rate of its capacity. The output price equals the sum
of constant resource costs and constant emission costs from the low-carbon
technology: w¢ = uRy + og.

4. At T, the system reaches a steady state, all production comes from the zCT,
emissions are nil, atmospheric pollution is at its ceiling. If low-carbon re-
sources were binding they are exhausted at T (o, T S¢, 7 = 0).

PROPOSITION 3.1. When the social planner invests in both the ZCT and the LCT,

it builds zero-carbon capacity at a higher marginal investment cost (in full
capacity equivalent) than low-carbon capacity.

Proof. Using previous results, the optimal MIC for the LCT and the ZCT can
be expressed as a function of the carbon price and the resource costs during
the different phases, refining the general expression given by Eq. 3.16:

Tw
VEZ Ty, e T el(x) = J e SO (R + &) dO (3.18)
t

T, T
+J e*‘s(tfe)wedeﬁLJ' e S0 (LR 4+ «p) dO

o0
e g
T

Vt € [Te, T¢), (3.19)
Tw

e "teplxer) = J e OO (1 (R, —Ry) + gy — o) dO
t

e .
+J' e (=0 (g — LRy — atg) dO + cf(0) e(THOI(E=TE)

From (3.19), we get the difference between the optimal MICs during the
period of simultaneous investment:

vt € [max (Ty), TEl, el(xzt) — cplxet) = (3-20)

Te

4
(LRg + o) ertJ

e 210" Yap + (CQ(XZ,T;) - Cé(O)) et TE)
t

Ap Ac’

14. Appendix C.4 details the phases and the net revenues during those phases (the output
price wy, the carbon price ¢, the resource costs o ().
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Ap is the discounted value of emissions and fossil fuels that the marginal
zero-carbon capacity built at time t allows saving before T; when compared
to the marginal low-carbon capacity built at time t.

Ac’ is the difference between the values of the marginal capacities built at T
discounted to t. It is strictly positive, as C;(Xz,Tf) > ¢ (0) as ¢ is growing
by assumption and cZ(0) > c;(0) (3.10). O

Indeed, investment costs should be higher for wind power for four rea-
sons: (i) wind saves more GHG than gas; (ii) wind saves fossil energy, com-
pared to gas; (iii) wind has a higher share than gas in the optimal long-term
technology mix, and (iv) investment costs are convex.

COROLLARY 3.1. The optimal LCOE of the ZCT and the LCT are different, and not

3.4.2

necessarily equal to the electricity price.

Proof. Injecting the optimal MICs (3.18,3.19) into the definition of the LCOE
(3.17) yields the expected results. O

LCOEs differ from the electricity price because the latter only accounts for
variables costs, while LCOEs take investment costs (imperfectly) into account.
LCOEs are a “static” representation of marginal costs because they ignore
in fact the convexity of the investment cost function and the congestion
effects, and therefore fail to anticipate the changes in investment. As a
result, depending on the relative speed of change of investment LCOEs of
green technologies may differ. The numerical application shows the ZCT has
a higher LCOE for the European electricity sector.

Ordering investment in carbon-intensive and zero-carbon capital

As a consequence of the intertemporal value of investment in ZCT and
LCT, the transition toward a decarbonized electricity sector can take several
forms, and in particular:

PROPOSITION 3.2. Investment in the ZCT can start before investment in the LCT,

1.

even if the latter is less costly.
Proof. See C.4 O

Investment phases may be ordered in following ways:

Two successive transitions, starting with LCT investment. The LCT com-
pletely replaces the HCT first, then the ZCT replaces the LCT (see illustration
in Fig. 3.1a).

. Two overlapping transitions, with a phase of simultaneous investment in the

LCT and the ZCT. Investment in the LCT start first, and investment in the ZCT
start before the HCT has been completely replaced (Fig. 3.1b). Investment in
the LCT can stop before or after the HCT has been completely replaced.

. Two overlapping transitions, with a phase of simultaneous investment in

the LCT and the ZCT. Investment in the more expensive ZCT start first, and
investment in the LCT start before the HCT has been completely replaced.
Investment in the LCT can stop before or after the HCT has been completely
replaced (Fig. 3.1c).

Prop. 3.2 is similar to the finding by Chakravorty et al. (2008) that the
optimal extraction of several polluting non-renewable resources may follow
several unintuitive orderings. In their work, however, the dynamics comes
from the interaction of several scarcity rents; in ours, it comes from the
convexity on investment costs.
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Figure 3.1: Numerical simulations displaying three possible transition profiles. Fig-
ures on the left display capacities and productions, figures on the right display op-
timal marginal investment costs. The parameters used to produce these figures are

gathered in C.6.
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Table 3.2: Technology sets considered in the numerical model

Set Acronym Description Composition
High carbon Average current. Gas (approx. 40 % ), coal (ap-
HCT  thermal production prox. 50 % ), oil (approx. 10 %
technology set .
mix in 2008 ), source ENERDATA (2013)

Effici
Low carbon icient new

LCT  generation fossil Efficient gas
technology set .
technologies
Zero carbon New generation . .
ZCT & Onshore wind, biomass

technology set renewable technologies

The left column of Fig. 3.1 illustrates Prop. 3.1. In particular, Fig. 3.1a
displays a case where it is optimal to start with the most expensive option,
similarly to the previous result by Vogt-Schilb and Hallegatte (2011).

NUMERICAL APPLICATION: THE CASE OF THE EU-
ROPEAN ELECTRICITY SECTOR

Modeling framework, data, calibration

Let us calibrate a modified version of our model with data from the Euro-
pean power sector. In this numerical application, efficient gas power plants
(the LCT) and renewable power (the ZCT), e.g. wind, are used to phase out
the existing emitting capacities represented as the average current thermal
production mix. Table 3.2 gives the technology sets used in the numerical
simulation. '5

To better fit the data, we express installed capacity ki in peak capac-
ity (GW), and production q; ¢ in GWh/yr. Production is constrained by a
maximum number of operating hours H; (lower for wind to capture in part
intermittency issues). This constraint captures the imperfect substitution
between different green technologies. For instance, a given windmill will
produce power only at the moments where it is windy, which expectedly
happens a given number of hours per year. '®

We define the utilization rate u; ; of installed technology 1i at time t as:

_Yit

S e (3.21)

We assume for simplicity that all technologies have the same depreciation
rates §;.

We consider that Europe is price-taker for exhaustible resources (coal
and gas), which costs are included in the form of fuel costs «; (constant
in present value).

15. For simplicity and consistency, we will always refer to “gas” and “wind” when speaking
of respectively the low-carbon and the zero-carbon technology of the analytical section. The
high-carbon existing power plants (the HCT in the analytical section) will be referred to as
“legacy”.

16. A better representation of the power generation sector would model windy periods as a
stochastic process. This refinement is out of the scope of this paper.
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Table 3.3: Technology-specific data used in the numerical application.

Description Unit HCT LCT  ZCT Source
®i  Fuel costs $/Mwh 55 60 0 OECD (2010)
Nominal
cm $/kw
i investment costs 1800 1200 2000 OECD (2010)
Average annual
Xi  new capacity in GW/y 4.2 11 10  ENERDATA (2013)
Europe
Average annual
H; h/
i operating hours y 7500 7500 2000 OECD (2010)
3 Depreciation Yo/yr 3.33 3.33 3.33 EWEA (2012)
rate
ENERDATA (2013),
Ri  Carbon intensity 8CO2/kWh 530 330 0 Trotignon and Delbosc
(2008)
The model becomes (omitting the positivity constraints):
= t
min e "teilxq) + o qig)dt 22
Jmin |3 (e el )+ o ) (322)

s.t. ki,t = Xi,t — 6iki,t

qi,t < Hi-kit

Z qi,t =D
Ty = Z Ri qit
i

1
mt<M

We assume quadratic investment costs. To calibrate the cost functions, we
assume that when investment equals the average annual investment flow
in Europe between 2009 and 2011 (Xj), the marginal investment cost Ci™
is equal to the OECD median value for 2010 (as found in OECD (2010)). We
write the cost function as:

X; 1—A /x4 2
ci(xi,e) = Ci™ - X - (A ;: t— ( ;’:) ) (3-23)

t=0 =} (Xy)=C" (3.24)

1

A is a convexity parameter, assumed equal across technologies. If A =1,
the marginal investment cost is constant (the cost of new capacity does not
depend on the investment pace), and optimal investment pathways would
exhibit jumps: there would be no congestion in investment (Vogt-Schilb et al.
2012). If A = 0 the marginal cost curves starts at zero (the cost of new capac-
ity doubles when the investment pace doubles) and capacity accumulated at
very low speed is almost free (limy, , ,0,a—0 ¢{(xi,¢) = 0). An intermediate
value A € (0,1) means that new cafpacity is always costly, and that its cost
grows with the investment pace.

Fig. 3.2a to Fig. 3.2e are obtained with A = 0.1, i.e. with a relatively
low convexity (investment cost doubles at 1.9 times the nominal pace). For
instance, in the base year (2008), building one Watt of new wind capacity
at the pace of 10 GW/yr costs 2$/W. At 20 GW/yr, it would cost 3.85/W.
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Figure 3.2: Outputs from the numerical application to the European electricity sector
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Table 3.4: General parameter values used in the numerical application.

Description Unit  Value Source
T Discount rate %/y 5
M GtCO 17 EU (2011), Trotignon and
Carbon budget 2 7 Delbosc (2008)
Power demand TWh/y 1940 ENERDATA (2013)
A Convexity parameter : 0.1

Fig. 3.3a and Fig. 3.3b are obtained respectively with A = 0.2 and A = 0.001
(i.e. investment cost doubles at respectively 1.8 and 1.999 times the nominal
pace).

The emission allowances allocated to the power sector amounted to E,f =
1.03 GtCO;/yr in 2008 (Trotignon and Delbosc 2008). The reference fossil
energy production (from coal, oil and gas) was D = 1940 TWh/yr that year
(ENERDATA 2013), leading to a reference emission rate of 530 tCO, /GWh. We
take a carbon budget corresponding to roughly half of the BAU cumulative
emissions, i.e. 17 GtCO,.

We calibrate the depreciation rate as 6; = 1/lifetime and assume a lifetime
of 30 years for all technologies (OECD 2010). We use v =5 %/yr for the social
discount rate.

Results

Fig. 3.2 shows various variables of the numerical application to the Euro-
pean electricity sector. Despite lower fuel costs, the social planner does not
invest in the legacy capacity, which is entirely phased out in 2035 (Fig. 3.2a).
There is unused gas capacity as soon as the dirty technology is phased out
(Ty = Tw = 2035), and investment in gas stops a couple of years earlier
(T =2033).

Investment in both efficient gas and wind power starts from the beginning
of the simulation (Fig. 3.2c). Until 2038, investment in wind capacity grows
over time. Investment starts at 18 GW/yr in 2008, almost twice the actual
average investment rate X;, and reach 6o GW/yr in 2038. It decreases after
2040 as most of the power plants have already been replaced (Fig. 3.2a), and
stay constant after 2045 to maintain the wind capacity constant.

Fig. 3.2d displays the resulting marginal costs for new capacity (MICs)
along the period, expressed in present value. They decrease over time, as
the average power plants becomes less and less carbon-intensive, making
investment in low carbon capacity less and less profitable. Investment in
gas remains relatively low by contrast. Prop. 3.1 holds: the MIC is always
higher for wind.

Electricity prices are displayed in Fig. 3.2b. When production comes from
fossil resources the price decomposes as resource cost and emission cost
(Lemma C.1 and Lemma C.2). In a first phase (before 2035), the marginal
capacity is the legacy dirty technology, and the electricity price is high. Af-
ter the dirty technology has been phased out, from 2035 to 2045, gas be-
comes the marginal technology and the price drops. The endogenous car-
bon price is 46 $/tCO;, a figure compatible with the projections from IEA
(2012), and the lower carbon intensity of gas compared to coal more than
compensates the higher resource cost. In the last phase, all the electricity
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Figure 3.3: Levelized cost of electricity (present value) for two values of the convexity
parameter

comes from wind, and electricity price equals the rental cost of wind power
plants (Lemma C.3).

Optimal levelized costs

Fig. 3.2e shows the levelized costs of electricity along the optimal pathway
simulated for the European Union, and compare them with the correspond-
ing electricity price. The optimal LCOEs are found higher than electricity
prices, because the latter is equal to the variable costs of the marginal tech-
nology, it does not represent investment costs.

LCOEs account for GHG emissions and variable energy costs, but assume in-
vestment costs are constant. Because investment costs are convex, investing
early reduces the discounted cost of the transition, and the optimal long-
term technology mix has consequences on optimal short-term efforts. Here,
wind capacities are built faster, and their investment drops also faster than
gas. As a result, using LCOE to assess wind investment is a greater approxi-
mation than for gas, and its LCOE is higher.

Vogt-Schilb et al. (2013) demonstrate that a similar criteria (the levelized
abatement cost) is accurate only if capacity costs are constant in time and do
not depend on the investment pace. In our numerical simulations, the capac-
ity cost slowly increases with the investment pace (the marginal investment
costs increases by a factor 1.9 when the investment pace doubles compared
to the nominal pace), and the optimal levelized cost of electricity produced
from wind is greater than the levelized cost of electricity produced from gas.
This suggests that LCOEs should not be used as a rule-of-thumb metrics to
assess investment. *7

Fig. 3.2a show that the difference in the LCOEs of wind and gas depends
on the convexity of the investment cost functions (for higher values of the
convexity parameter (A — 1), the investment cost function becomes linear).
We find, as shown in Fig. 3.2a, that in the European electricity sector, the
lower the value of A, i.e. the higher the convexity of the investment cost
function, and the greater the difference between the LCOEs. The structure of
the model forbids to find an equilibrium for A =1 or 0, but we expect equal
LCOEs in a model without congestion (as in the static version of Appendix
C.3).18

17. Further research should carry out a sensitivity analysis on the convexity parameter A
and the climate policy stringency M.
18. This effect shall be thoroughly studied in a future sensitivity analysis.
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In our simulation, if decision makers decided investment in new capacity
for the European electricity market by comparing LCOEs to the electricity
price, they would build too much low-carbon capacity (e.g. gas), and not
enough zero-carbon capacity (e.g. wind).

CONCLUSION

We investigate in an analytical model the optimal timing of investment in
low-carbon (e.g. gas power plant) and zero-carbon (e.g. renewable power)
capital to phase out preexisting high-carbon capital (e.g. coal power plants)
in the electricity sector, facing an inelastic demand and a carbon budget. We
assess this investment using various representations of marginal costs:

the marginal investment cost (MIC),

the levelized cost of electricity (LCOE), or discounted costs over discounted
production, taking the cost of emissions and resources into account, and

the marginal implicit rental cost of capital (MIRCC), or efficient market rental
price of capacities, taking endogenously the congestion costs into account.

We then run a numerical simulation calibrated on the European power sec-
tor and compute the optimal transition trajectories.

We find that the dynamic features of marginal costs are essential in assess-
ing the cost-efficiency of investment in low-carbon capital. An incomplete
representation of the congestion effects in investment leads to a sub-optimal
transition, because the variations in investment costs due to the increasing
or decreasing amounts of investment needed are ignored.

We discuss the use of “static” representation of long-term marginal costs:
MICs and LCOEs. We show analytically that MICs (represented in full capacity
equivalent) should always be higher for completely carbon-free technolo-
gies such as wind than for low-carbon technologies such as gas. This is not
explained only by cheaper operation costs of renewable power coming from
both the carbon price and nil fossil energy requirements. Renewable power
may be used forever, while the exhaustible and polluting low-carbon capac-
ity built to phase out the preexisting dirtier plants will eventually be phased
out itself by the renewable power. As a result, on the optimal trajectory, gas
capacities may be under-used.

We find also that contrary to what textbooks say, LCOE should not be
equal between technologies, even when they account for emission and re-
source costs, because they do not take congestion effects into account. In
the numerical application to the European electricity sector, we find that the
LCOE of wind is always higher than the LCOE of gas.

LCOEs account for GHG emissions and variable energy costs, but assume in-
vestment costs are constant. Because investment costs are convex, investing
early reduces the discounted cost of the transition, and the optimal long-
term technology mix has consequences on optimal short-term efforts. Here,
wind capacities are built faster, and their investment drops also faster than
gas. As a result, using LCOE to assess wind investment is a greater approxi-
mation than for gas, and its LCOE is higher.

This suggests that in the European electricity sector, ranking technologies
according to their LCOE would result in too much investment in intermedi-
ate technologies (such as gas), and too little in more expensive zero-carbon
capital (such as renewable power). The LCOE does not provide enough in-
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formation to assess and rank investment in polluting fossil-fueled and zero-
carbon capital.

Another finding is that the ordering of investment does not follow any
easily predetermined order: investment in the expensive carbon-free capital
(renewable power) may begin at the same time, or even before, investment
in the lower-cost low-carbon capital (e.g gas plants).

On a more methodological note, our results suggest that congestion cost
play an essential role in assessing investment trajectories, and that the speed
of investment should explicitly be part of the modeling choices. While nu-
merical model of the electricity sector (such as MARKAL or TIMES, Fishbone
and Abilock (1981), Loulou (2008), Seebregts et al. (2002)) embed an implicit
version of these constraints in the form of maximum investment speeds, to
our knowledge no model does it explicitly.

Several extensions would be of interest. Decentralizing rigorously the
equilibriums, for instance by incorporating a real convex demand or util-
ity function, would yield interesting policy implications, and would allow
further testing the influence of convexity in investment costs by defining a
BAU equilibrium without congestion effects. Representing more “realistic”
features of electricity markets such as some uncertainty on the future de-
mand, some degree of imperfection in the competition or the anticipations
of agents, would also allow more accurate and relevant insights on policy
implications.
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4.1

ASSESSING FRENCH CLIMATE
POLICY IN THE ELECTRICITY
SECTOR: TOO MANY
INSTRUMENTS?!

INTRODUCTION

The French climate and energy policy is undergoing a process of consulta-
tion and debates, and faces both important challenges and opportunities. A
nation-wide debate on the energy transition just ended in September 2013,
intended to define the future mix of instruments to reach ambitious long
term climate policy objectives, in a context of increased political and eco-
nomic uncertainty. It opened a new window of opportunity to set a con-
tribution climat-énergie aiming at pricing the carbon content of energy con-
sumption. In a context of low carbon price, this instrument would be the
cornerstone to achieve France’s ultimate objective to reduce by 75 % its emis-
sions by 2050 (the facteur 4), and thus going beyond its Kyoto commitments.
Many other policy instruments affecting fossil emissions already exist how-
ever, and are expected to be carried through, raising questions over possible
negative interactions and unnecessary additional costs.

One of the main challenges of the French climate and energy policy is
to successfully reform this instrument mix, and possibly simplify it. The
French climate and energy policy is the result of three different policy de-
velopments, having only little in common:

the various attempts to price the carbon content of energy, in parallel to the
European initiative to implement an emission allowance market;

the expansion of renewable energy power (REP) promotion;

the long history of incentives and regulations to reduce the consumption of
energy in buildings.

The last two resulted in the implementation of several policy instruments,
having different characteristics, various impacts on the electricity sector and
potential negative interactions with each other. The purpose of this chapter
is to give a qualitative assessment of the cost-efficiency of this policy instru-
ment mix by considering its effect in the electricity sector, and to sketch
answers regarding possible simplifications of the mix.

It will do so by asking five questions spanning this whole thesis:

. Does the carbon price signal triggers enough greenhouse gases (GHG) emis-

sion reductions in France to reach its ambitious target of reducing emissions
by a factor 4 in 2050?

. In case of failures of this carbon price signal, do additional instruments help

overcome them?

. Do those additional instruments interact with each other, and does it affect

the efficiency of the policy mix as a whole to reach its long term emission
reduction target?

1. Parts of Sections 4.2 and 4.3 are published in (CECILIA2050 2013), and Sections 4.2.1 and
4.3.1.1 appear in (Branger et al. 2013).
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4. Is this policy mix efficient enough to reach this target?

5. Can the mix be made more effective by simplifying it and removing or

reforming some instruments?

This chapter will focus on the efficiency of the current climate and energy
policy mix in the electricity sector, whether on the supply or the demand
side. As in the other member states of the European Union (EU), the French
climate and energy strategy is stretched over all the sectors of the economy,
and ranges from mitigation to adaptation. The electricity sector is however
thought to bear a substantial part of the mitigation burden, because (i) it
is a major carbon-intensive industry not subject to international competi-
tion (and is therefore not at risk of carbon leakage at the European level,
see e.g. (Hourcade et al. 2007)), (ii) through electrification of the transport
sector, increased use of heat pumps for heating and the enabling of large
electricity-intensive CCS installations, it may help decarbonize other sectors
of the economy, (iii) it already disposes of several mature mitigation options.
Recent prospective scenarios featuring a minimum of 75 % emission reduc-
tions in 2050 plan to almost completely decarbonize the electricity sector by
then (see e.g. scenarios by Eurelectric (2011), EU (2011b), IEA (2012)).

The electricity sector already faces more stringent climate regulations than
other carbon-intensive sectors in Europe. It does not face the same risks of
competitiveness losses than many other carbon-intensive sectors (such as ce-
ment, steel, aluminum, pulp and paper, etc) facing at various degrees high
carbon costs in production or higher ex