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Kurzfassung

1 Einleitung

Das Ziel der Klimarahmenkonvention ist es, die atmosphirische Konzentration der
Treibhausgase auf einem Niveau zu stabilisieren, das einen gefdhrlichen Klimawandel
verhindert (Art. 2 der Klimarahmenkonvention). Dieses Ziel stellt eine wesentliche
Grundlage fiir den internationalen Verhandlungsprozess zur Weiterentwicklung des Kli-
maregimes (Kyoto-Protokoll und Folgevertrige) dar. Ausgehend vom Beschluss des EU-
Ministerrats, eine Erwdrmung der Erdatmosphédre um mehr als 2°C gegeniiber dem vor-
industriellen Niveau zu verhindern, bestand die Aufgabe des Forschungsvorhabens darin,
die zur Erreichung eines solchen Klimazieles notwendigen Kosten zu berechnen. Es soll-
te die Rolle der europdischen Klimapolitik im Kontext der Globalisierung analysiert und
der Einfluss der internationalen Mirkte, insbesondere des internationalen Emissionshan-
dels auf die Kosten des Klimaschutzes untersucht werden. Zentrale Zielsetzung des For-
schungsvorhabens war die regionale Aufschliisselung von Vermeidungskosten unter ver-
schiedenen Ausgestaltungen eines Post-Kyoto-Klimaregimes.

Als zu analysierende Implementierungen eines Post-Kyoto-Klimaregimes wurden
drei ,,Cap-and-Trade*“-Ansétze ausgewdhlt: (i) Reduktion und Konvergenz, (ii) Intensi-
titsziel sowie (iii) Mehrstufenansatz. Diese verschiedenen Ansétze werden genutzt, um
die fiir die Erreichung des ambitionierten 2°C-Klimaschutzziels notwendigen globalen
Emissionsreduktionsverpflichtungen zwischen den Regionen aufzuteilen. Die Ansitze
reprasentieren alternative Mdoglichkeiten der Verteilung internationaler Reduktionslasten.
Damit ist die Grundlage fiir eine vergleichende Analyse der Vermeidungskostenstruktu-
ren unterschiedlicher Politikregime gelegt.

Als wichtigstes Analysewerkzeug wird das neuentwickelte Modell REMIND-R ge-
nutzt. REMIND-R ist ein mehrregionales Hybridmodell, welches ein dkonomisches
Wachstumsmodell mit einem detaillierten Energiesystemmodell und einem einfachen
Klimamodell koppelt. Die einzelnen Regionen sind mit Hilfe eines Handelsmoduls mit-
einander verkniipft. Die aktuelle Version von REMIND-R beinhaltet neun Weltregionen:
UCA - USA, Kanada und Australien,

EUR - EU27,

JAP - Japan,

CHN - China,

IND - Indien,

RUS - Russland,

AFR - Subsahara-Afrika (einschl. Republik Siidafrika),
MEA - Mittlerer Osten und Nordafrika,

ROW - Lateinamerika, Stidostasien, Rest von Europa.

XN R DD =

REMIND-R ist als intertemporal optimierendes ,,Soziales Planer“-Modell formuliert,
in dem eine globale Wohlfahrtsfunktion maximiert wird, die die regionalen Nutzenfunk-
tionen zusammenfasst.



2 Referenzszenario

Wir starten die Présentation von Modelergebnissen mit der Diskussion des Referenz-
szenarios. In diesem Szenario wird davon ausgegangen, dass Klimawandel und Klima-
politik keine wirtschaftlich und sozial bedeutsamen Effekte haben. Dementsprechend
kann ein weiterer weltweiter Anstieg der Emissionen vorausgesetzt werden. Ein Grofiteil
des Wirtschaftswachstums basiert auf der Verwendung fossiler Energietrager. Diese Re-
ferenzentwicklung soll uns als Vergleichspunkt fiir Szenarien dienen, in denen durch
Klimapolitik dem Klimawandel nachhaltig begegnet wird.

2.1 Technologieentwicklung und Energieerzeugung

Abb.1 zeigt die Primér- und Sekundérenergieerzeugung fiir das 21. Jahrhundert unter-
teilt nach Energietriigern.! Primir— und Sekundirenergieerzeugung steigen wihrend der
nichsten hundert Jahre kontinuierlich an, wobei sich die jadhrliche Steigerung abschwécht.
Das liegt am Bevdlkerungsszenario, dem nachlassenden Wachstum der Nachfrage in den
entwickelten Liandern und der stetigen Verteuerung fossiler Energietrager. Die Primér-
energieerzeugung steigt von knapp 470 EJ auf mehr als 1400 EJ pro Jahr.

1500 I Rohol _1000 ' ' ' Bl Feststoffe
—_ Il Gas o I And. Liqu.
o [ Kohle = Il Treibstoffe
= [ IUran > I Warme
S [ Geotherm. = B Gase
) I V/asser - .,

s [ wind I st
g [ Solar E rom
» [ Biomasse @
k] S
E) M)
2 3
5 3
@
E S
E 3
o w
2020 2040 2060 2080 2100 2020 2040 2060 2080 2100
Jahr Year
Abb.1: Globale Erzeugung von Primir- (links) und Sekundérenergietrdgern (rechts) im
Referenzszenario.

Der Primérenergiemix wird im Wesentlichen von fossilen Energietragern bestimmt.
Wihrend die Nutzung von Rohdl und Gas anndhernd konstant bleibt, nimmt die Nutzung
der Kohle stark zu (vor allem bis zum Jahr 2030). Kohle wird hauptsédchlich zur Stromer-
zeugung genutzt und verdrangt die Verstromung von Gas und Nuklearenergie (siche Abb.
2). Die Stromerzeugung steigt um rund 3,6 EJ pro Jahr fast linear an und erreicht mit 400
EJ am Ende des Jahrhunderts den 6-fachen Wert im Vergleich zum Basisjahr 2005. Die
Okonomische Attraktivitdt der Kohle liegt in ihren geringen Kosten, dem flexiblen Han-
del und der Annahme, dass die Kohlenutzung keinerlei Regulierungen unterliegt. Aller-
dings steigt der (modellendogene) Kohlepreis bis zur Mitte des Jahrhunderts auf ein Ni-
veau, welches die Nutzung erneuerbarer Energiequellen konkurrenzfahig macht. Wasser-

! Die Primirenergieerzeugung der erncuerbaren Energiequellen Wind, Solar und Wasserkraft wird hier
mit der entsprechenden Sekundérenergieerzeugung gleichgesetzt.
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kraft und besonders Windkraft, aber auch Geothermale Energiequellen werden zuneh-
mend zur Primérenergieerzeugung herangezogen. Auch die Biomassenutzung steigt nach
2030 an, was an der zunehmenden Verfiigbarkeit liegt. Auf solare Energiequellen wird
im Referenzszenario nicht zuriickgegriffen. In Ergéinzung zur Kohle wird die Nuklear-
energie am Ende des Jahrhunderts in erheblichem Malle eingesetzt.
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Abb. 2: Globale Elektrizititserzeugung im Referenzszenario.

2.2 Emissionen

Im Referenzszenario kommt es zu einer deutlichen Steigerung der Emissionen, die im
Wesentlichen aus der zunehmenden Kohleverstromung resultiert. Die weltweiten Emissi-
onen betragen im Jahr 2100 etwa 21 GtC bzw. 76 Gt CO; (siehe Abb. 3). Der Anstieg der
Emissionen ist vor allem in den anfinglichen Dekaden sehr hoch, mit einer Verdoppe-
lung der Emissionen zwischen 2005 und 2025. Einem zeitweiligen Riickgang der Emissi-
onen um 2060 folgt ein weiterer Anstieg.

Hinsichtlich der Pro-Kopf-Emissionen bleiben grofle Unterschiede bestehen (Abb. 3
rechts). Wéhrend die Industriestaaten (einschl. Russland) ihre Pro-Kopf-Emissionen stei-
gern und auf hohem Niveau halten (5-10 tC pro Jahr), steigen diese in China, Indien und
MEA auf etwa 2-3 tC bis zum Jahr 2100. Afrika und ROW verbleiben auf einem durch-
weg niedrigen Niveau von weniger als 1 tC bzw. 1,3 tC.

In allen Regionen ist Kohle der Hauptenergietrdger, der den Anstieg der Emissionen
verursacht. Auch der deutliche Riickgang der Emissionen um 2060 folgt dem Pfad der
Kohlenutzung (vor allem dem in der Region UCA). Der zwischenzeitliche Riickgang der
Kohlenutzung geht einher mit einem temporédren Anstieg der Kernenergienutzung (vgl.
Abb. 2). Im Jahr 2100 entstehen ungefiahr 75% der Emissionen im Energiesektor bei der
Verbrennung von Kohle.

iii




ElucA
AP
B EUR
ElrRUS
[ MEA
I CHN
[EIND
I AFR
[ IROW

s
(=]

=]

Pro-Kopf Emissionen [tC]
=~ [+)]

002 Emissionen [GtC]

]

|
2020 2040 2060 2080 2100 0 2005 2025 2050 2100
Jahr Jahr

Abb. 3: Weltweite Emissionen (rechts) und regionale Pro-Kopf-Emissionen (links) im
Referenzszenario.

3 Post-2012-Klimapolitikregime

Die nachfolgenden Analysen von Klimapolitikregimen basieren auf Szenarien, die die
Einhaltung des 2°C-Ziels mit sehr groer Wahrscheinlichkeit gewdéhrleisten. In RE-
MIND-R kann nur auf die CO,-Emissionen im Energiesektor modellendogen Einfluss
genommen werden. Fiir die Entwicklung aller anderen Treibhausgasemissionen werden
exogene Szenarien verwendet. Daraus ergeben sich in der aktuellen Konfiguration erheb-
liche Reduktionsanforderungen fiir den Energiesektor. Die globalen Emissionen miissen
bis zum Jahr 2035 halbiert werden. Die atmosphérische CO,-Konzentration erreicht ihr
Maximum bei etwa 415 ppm um das Jahr 2030.

Bei der Analyse, wie und zu welchen Kosten ein solcher Reduktionspfad erreicht wer-
den kann, untersuchen wir drei verschiedene Auspriagungen eines internationalen ,,Cap &
Trade*-Systems. In einem solchen System werden ab 2010 den einzelnen Regionen
Emissionsrechte zugeteilt. Die regionalen Anteile ergeben sich entsprechend der regime-
abhingigen Verteilungsregel. Die global verfliigbare Menge an Emissionsrechten wird in
Riickkopplung mit dem Klimamodul endogen bestimmt und entspricht dem globalen
Emissionspfad.

Konvergenz und Reduktion (Politikszenario A)

In diesem Politikszenario werden ab 2050 gleiche Pro-Kopf-Emissionsrechte verteilt.
Bei der Festlegung der Anteile zwischen 2010 und 2050 erfolgt ein gleitender Ubergang
zwischen ,,Grandfathering® und gleichen Pro-Kopf-Emissionen. Dabei wird als Referenz-
jahr fiir das ,,Grandfathering® das Jahr 2000 angenommen.

Intensititsziel (Politikszenario B)

Auf der Grundlage eines weltweit einheitlichen Intensitdtsstandards erhilt jede Regi-
on die gleichen Emissionsrechte pro Einheit Bruttoinlandsprodukt (BIP). Daher bestim-
men sich die Anteile der Regionen an den global verfiigbaren Emissionsrechten entspre-
chend ihrer Anteile am weltweiten BIP. In diesem Politikszenario werden offensichtlich
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die Industrieregionen mit mehr Emissionsrechten ausgestattet als in den anderen beiden
Politikszenarien.

Mehrstufenansatg (Politikszenarien C und D)

Wir haben eine Form des Mehrstufenansatzes gewéhlt, bei dem sich die quantitativen
Reduktionsverpflichtungen der einzelnen Regionen in Abhingigkeit von ihrem Pro-Kopf-
Einkommen ergeben.

Regionen in der ersten Stufe (bis 2000 $US pro Kopf) werden praktisch zu keinen
Reduktionen verpflichtet. Sie konnen trotzdem am Emissionshandel teilnehmen und wer-
den mit Zertifikaten in Hohe ihrer Referenzemissionen (die im Referenzszenario berech-
net werden) ausgestattet.

Regionen in der zweiten Stufe (bis 4000 $US pro Kopf) werden mit Emissionsrechten
in Hohe von 0,15 GtC pro 1 Billion $US Bruttoinlandsprodukt ausgestattet. Da i.d.R von
einem Zuwachs an BIP auszugehen ist, beinhaltet diese Stufe einen absoluten Zuwachs
an Emissionsrechten fiir die entsprechenden Regionen.

Regionen in der dritten Stufe (bis 8000$SUS pro Kopf) sind verpflichtet, ihre Emissio-
nen zu stabilisieren, d.h. die zuletzt in Stufe 2 zugeteilte Zertifikatemenge wird auf ihrem
Niveau eingefroren.

Regionen in der vierten Stufe (iiber 10000$US pro Kopf und Jahr) miissen mal3geb-
lich zur Emissionsreduktion beitragen. Der fiir diese Regionen verbleibende Anteil an
den globalen Emissionsrechten ergibt sich nach Abzug der fiir die Regionen in Stufe 1 bis
3 verwendeten Zertifikate. Die interne Allokation zwischen den Regionen in Stufe 4 folgt
wiederum dem oben beschriebenen Reduktion & Konvergenz - Ansatz.

Als zusitzliche Variante des Mehrstufenansatzes haben wir ein Szenario (D) formu-
liert, bei dem nur die Regionen am internationalen Emissionshandel teilnehmen, die sich
entweder in Stufe 2, 3 oder 4 befinden.

4 Modellergebnisse
4.1 Politikszenario A: Reduktion & Konvergenz

Vermeidungskosten

Wir definieren die Vermeidungskosten als prozentuale Konsumdifferenz zwischen Po-
litikszenario und Referenzszenario. Im Politikszenario A liegen die globalen Vermei-
dungskosten bei durchschnittlich 1,5%, wobei die hoheren Vermeidungskosten in der
zweiten Hilfte des Jahrhunderts auftreten. Um diese globalen Werte sind die regionalen
Kosten weit gestreut. Die hochsten Kosten von fast 10% im zeitlichen Durchschnitt muss
MEA bewiltigen. Russland und Indien liegen ebenfalls iiber dem weltweiten Mittel.
Gleichzeitig gewinnen einige Regionen, wie Afrika und ROW. Afrika profitiert mit
durchschnittlichen Gewinnen von knapp 5,2% am meisten.



Technologieentwicklung und Energieerzeugung

Durch die Einfiihrung einer Klimapolitik werden drastische Verdnderungen im Ener-
giesystem induziert. Die wesentlichen Anderungen lassen sich in fiinf Handlungsoptionen
zusammenfassen:

1. Minderung des Gesamtenergieverbrauchs.

2. Sofortige Ausweitung der erneuerbaren Energietechniken fiir die Produktion hoch-

wertiger Energietriger; Ausbau der Nuklearenergie.

3. Anwendung von CO,-Abscheidung und —Einlagerung (CCS) fiir die Gas- und

Kohleverstromung sowie die Umwandlung von Biomasse in Wasserstoff.

4. Minderung der Produktion von Treibstoffen und Gasen, da es hier nur weniger ef-

fiziente Vermeidungsoptionen gibt.

5. Minderung der Produktion der geringwertigen Energietridger Feststoffe und “An-

dere Liquide* (z.B. Heizol), so dass mehr Rohdl und Biomasse fiir die Produktion
hoherwertiger Energietrager zur Verfiigung stehen:
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Abb. 4: Globale Erzeugung von Primér- (links) und Sekundirenergietrégern (rechts) im
Politikszenario A.

Die Ergebnisse werden im Folgenden immer im Vergleich zum Referenzszenario dis-
kutiert. Die Gesamtenergieerzeugung — primér als auch sekundér — wird reduziert. Die
Primédrenergieerzeugung erreicht etwa 1250 EJ am Ende des Jahrhunderts, wohingegen
im Referenzszenario 1430 EJ erreicht wurden. Auf die kurze Sicht steigt die Primérener-
gieerzeugung zundchst weniger, um dann ab Mitte des Jahrhunderts ihr Wachstum wieder
zu beschleunigen; im Referenzszenario war das andersherum. Bei der Sekundirenergie-
erzeugung wird im Jahr 2100 lediglich ein Output von etwa 770 EJ erreicht, wiahrend im
Referenzszenario etwa 910 EJ produziert wurden. Diese drastische Reduzierung erklart
sich durch die Zusammensetzung der Primirenergie und die Bilanzierung nach der direk-
ten Verbrauchsmethode.”

Die offensichtlichste Verdnderung im Primérenergietragermix ist der starke Riickgang
der Nutzung fossiler Ressourcen sowie die frithzeitigere und stirkere Ausdehnung von

? Dabei ist der Verbrauch von erneuerbaren Primérenergietrigern fiir die Elektrizititserzeugung gleich
dem Output. Bei den fossilen Energietragern werden hingegen Effizienzverluste beriicksichtigt.

vi



erneuerbaren Energiequellen sowie der Kernenergie. Ab 2040 spielt auch die Solarener-
gie eine Rolle.
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Abb. 5: Globaler Stromerzeugungsmix im Politikszenario A.

Wie zu erwarten macht sich besonders im Stromerzeugungsmix die Nutzung von
Wind, Solar und Wasserkraft bemerkbar (sieche Abb. 5). Auffallend ist insbesondere die
frithzeitige Ausdehnung dieser Optionen. Am Ende des Jahrhunderts betrdgt der Anteil
der erneuerbaren Energien 56% an einer Stromproduktion von 480 EJ. Genauso wie die
Wasserstoffproduktion steigt damit die Gesamtstromproduktion gegeniiber dem Refe-
renzszenario. Im Bereich der fossilen Energietrager ist zu beobachten, dass nun Gas fiir
die Stromerzeugung zum Zuge kommt; die Emissionsbeschrankung verlangt jedoch die
CO,-Abscheidung. Die Kohle wird auf Grund des Einsatzes von CCS auch langfristig
nicht aus dem Erzeugungsmix gedréngt: sie wird in Kraftwerken nach dem sogenannten
Oxyfuel-Verfahren verfeuert, wobei nur ein knappes Prozent des erzeugten CO; in die
Atmosphére gelangt.

Emissionen

Das zugrundeliegende Stabilisierungsszenario erfordert einen schnellen und drasti-
schen Riickgang der Emissionen in allen Regionen (sieche Abb. 6). Zwischen 2025 und
2050 ist der Riickgang am stérksten. Die globalen Emissionen miissen bis 2050 auf 73%
bzw. 78% gegeniiber 1990 bzw. 2005 gesenkt werden. Gleichzeitig steigt der relative An-
teil der Entwicklungsldnder und ROWs an den global verteilten Emissionsrechten deut-
lich an. Ohne globalen Emissionshandelsmarkt miissten die Industrieregionen bis 2050
ihre Pro-Kopf-Emissionen auf 5% des heutigen Niveaus senken. MEA, China und ROW
miissten ihre Pro-Kopf-Emissionen auf 20-25% senken, wihrend Indien und Afrika ihre
Pro-Kopf-Emissionen noch steigern kdnnten. Fiir beide Regionen ist es aber offensicht-
lich vorteilhafter, die eigenen Emissionen nicht steigen zu lassen und stattdessen die
Emissionsrechte gewinnbringend zu verkaufen (siehe Abb.7). Durch den internationalen
Emissionshandel fallen die Reduktionen in den Industriestaaten geringer aus. Abb. 6
rechts zeigt, dass bezogen auf das Basisjahr 2005 die Pro-Kopf-Emissionen im Jahr 2025
um etwa 20-35% und um 70-80% im Jahr 2050 reduziert werden miissen. Dariiber hinaus

vii



wird deutlich, dass alle Regionen Pro-Kopf-Emissionen von weniger als 1,2 tC pro Jahr,
in 2100 sogar weniger als 0,2 tC erreichen miissen.
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Abb. 6: Emissionen differenziert nach Regionen (links) und Pro-Kopf-Emissionen
(rechts) im Politikszenario A.
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Abb. 7: Emissionshandel im Politikszenario A (Handel mit positivem Vorzeichen meint
den Verkauf, negative Vorzeichen den Kauf von Zertifikaten).

4.2 Politikszenario B: Intensitétsziel

Vermeidungskosten

Das Politikszenario B fiihrt zu einer grundsitzlich anderen Verteilung der Vermei-
dungskosten als Politikszenario A, obwohl der globale durchschnittliche Konsumverlust
gleich ist. Vor allem fillt auf, dass Afrika nicht mehr so deutlich profitiert. Zumindest
kurzfristig verzeichnen auch eine Reihe anderer Regionen (insbesondere Japan and
ROW) negative Vermeidungskosten. Die Konsumverluste von UCA, EUR und China
sind etwas geringer als der globale Durchschnitt. Dariiber hinaus ergeben sich im Politik-
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szenario B fiir alle Industrieregionen geringere Vermeidungskosten als in Politikszenario
A. Dagegen tragen MEA und Russland weiterhin die hochsten Kosten, aber auch fiir In-
dien entstehen nun sehr hohe Kosten.

Technologieentwicklung und Energieerzeugung

Die technologische Entwicklung im Politikszenario B ist die gleiche wie im Politik-
szenario A. Dies ist bedingt durch die Effizienzeigenschaften des Emissionsmarktes, in-
folge derer sich unabhéngig von der Anfangsverteilung der Emissionsrechte durch den
Handel von Emissionsrechten gleichartige technologische Entwicklungsmuster ergeben.

Emissionen

Die globalen Emissionen entwickeln sich wie im Politikszenario A. Dagegen fillt die
Verteilung der Emissionsrechte zwischen Politikszenario A und B sehr unterschiedlich
aus. Im Politikszenario B werden die Industriestaaten zunichst mit einem hoheren Anteil
an Emissionsrechten ausgestattet. Bis zum Jahr 2050, verbleibt diesen Staaten ein Anteil
von mehr als 50% an den globalen Emissionsrechten. In dieser Periode wird zudem der
GroBteil der iiber das Jahrhundert kumuliert zur Verfiigung stehenden Emissionsrechte
verteilt, was den Industriestaaten zusdtzlich zu Gute kommt. Kurzfristig werden sie damit
sogar zu Verkdufern auf dem CO,-Zertifikatemarkt (siche Abb. 8).
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Abb. 8: Emissionshandel im Politikszenario B (Handel mit positivem Vorzeichen meint
den Verkauf, negative Vorzeichen den Kauf von Zertifikaten).

Trotz der Unterschiede in der Emissionsrechteverteilung ergibt sich durch den Emissi-
onshandel die gleiche regionale Struktur des globalen Emissionspfades (sieche Abb. 7).

4.3 Politikszenarien C und D: Mehrstufenansatz

Vermeidungskosten

Die Regionen MEA und Russland tragen wiederum die hochsten Vermeidungskosten.
Im Unterschied zum Politikszenario A gewinnt Afrika noch stdrker bei einer Verteilung
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der Emissionsrechte nach einem Mehrstufenansatz. Dies liegt daran, dass Afrika die Re-
gion mit dem geringsten Pro-Kopf-Einkommen ist, und somit noch mehr Emissionsrechte
als im Politikszenario A erhilt. Da Afrika relativ leicht die fossile Energieproduktion, die
sich in das Referenzszenario ergibt, ersetzen kann, konnen iiberschiissige Emissionsrech-
te gewinnbringend verkauft werden. Das gilt auch fiir Indien.

Technologieentwicklung und Energieerzeugung

Im Politikszenario C werden kurzfristig bis zu 30 EJ weniger Ol und Gas genutzt als
im Politikszenario A oder B. Dafiir wird der Einsatz von Biomasse und Kernenergie er-
hoht. Diese Entwicklung kehrt sich in der zweiten Jahrhunderthélfte um: es wird mehr
01, Gas, und Kohle und weniger Uranium eingesetzt.

Wihrend sich beim Ol nur eine zeitliche Verschiebung ergibt, lisst sich beim Gas
auch eine regionale Verschiebung erkennen. Im Vergleich zu den Politikszenarien A und
B reduziert China seinen Gasverbrauch zugunsten aller anderen Regionen. Gleichzeitig
erhoht China seinen Kohleverbrauch. Die Nutzung von Uran zeigt im Wesentlichen eine
zeitliche Verschiebung, allerdings ist ein liberproportionaler Riickgang der Urannutzung
in der zweiten Jahrhunderthélfte in Indien und Europa zu beobachten.

Emissionen

Das Mehrstufen-Szenario ist charakterisiert durch einen raschen Anstieg des Anteils
der Entwicklungslidnder an den globalen Emissionsrechten. Bereits im Jahr 2030 erhalten
UCA, EUR und Japan weniger als 10% aller Emissionsrechte, wihrend es 2010 noch
50% sind. Im Gegensatz zu den Beobachtungen im Politikszenario B ergibt sich im Poli-
tikszenario C ein von Politikszenario A verschiedenes Emissionsprofil (sieche Abb. 9
links). Weltweit wird in den Anfangsperioden weniger emittiert, dafiir ist das Emissions-
niveau spater etwas hoher. Die anspruchvollste Reduktionsphase, in den Politikszenarien
A und B zwischen 2025 und 2040, verschiebt sich zeitlich nach vorn auf den Zeitraum
zwischen 2015 und 2030. Im Politikszenario D, charakterisiert durch zuséitzliche Ein-
schrinkungen im Emissionshandel, verschiebt sich diese Phase sogar auf den Zeitraum
zwischen 2010 und 2025 (siche Abb. 9 rechts).

Wihrend die Politikszenarien A und B volle zeitliche Flexibilitdt in der Verteilung der
globalen Emissionsrechte erlauben, wird in den Mehrstufen-Szenarien fiir die Regionen
in Stufe 1-3 eine vordefinierte Menge an Zertifikaten ausgegeben. Daraus ergeben sich
einerseits ein diskontinuierlicher Verlauf des Emissionspfades und andererseits eine ho-
here Emissionsmenge in der zweiten Jahrhunderthidlfte. Um das Klimaziel dennoch zu
erreichen, muss diese Menge durch weniger Emissionen in den Anfangsperioden kom-
pensiert werden.
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Abb. 9: Emissionen im Politikszenario C (links) und D (rechts).

4.4 Vergleich der Politikregime

Alle Politikszenarien verfolgen das gleiche Stabilisierungsziel. Aus Sicht der 6kologi-
schen Effizienz (d.h. ihrem Beitrag zur Klimastabilisierung) sind sie nahezu gleichwertig.
Trotz des gleichen Temperaturziels ist der globale Emissionsverlauf der verschiedenen
Politikszenarien jedoch nicht identisch. Dies weist auf Ineffizienzen bei der Verteilung
der Emissionsrechte hin und trifft auf die Mehrstufen-Szenarien zu. Die 6konomischen
Auswirkungen davon sind aber gering. Die durchschnittlichen globalen Vermeidungskos-
ten liegen zwischen 1,4% und 1,5% fiir die Politikszenarien A, B und C. Politikszenario
D ist mit 1,6% am teuersten.

Abb. 10 zeigt eine Ubersicht der durchschnittlichen regionalen Vermeidungskosten fiir
die vier betrachteten Szenarien. Die Politikszenarien A und C haben eine dhnliche Kos-
tenstruktur fiir UCA, JAP, EUR, MEA und ROW. Wihrend das ,,Reduktion & Konver-
genz“-Szenario glinstiger fiir China und Russland ist, profitieren Afrika und Indien stér-
ker vom Mehrstufen-Szenario. Im Intensitétsziel-Szenario ist die Spannbreite der regio-
nalen Vermeidungskosten am geringsten. Gleichzeitig ist es aber auch ein Szenario der
Gegensitze. Fiir viele Regionen ist es entweder das gilinstigste oder das teuerste Szenario.
Die Industriestaaten werden kostenseitig entlastet. Die Kehrseite davon ist, dass die Ent-
wicklungsregionen signifikante Vermeidungskosten tragen miissen. Angesichts der Ver-
teilung der historischen Verantwortung fiir das Klimaproblem konnte dies eine schwere
Hypothek in zukiinftigen Klimaverhandlungen sein. Politikszenario D ist zwar fiir einige
Regionen akzeptabel, fiir mehr als die Halfte ist es aber das teuerste Szenario. Die Ein-
schrankung des globalen Emissionshandelssystems hat ihren Preis.
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Abb. 10: Durchschnittliche Vermeidungskosten der Politikszenarien.

Als robustes Ergebnis zeigt sich, dass die Varianz der Vermeidungskosten zwischen
den Regionen hoher ist als zwischen den Politikszenarien. Aus regionaler Sicht ist fest-
zuhalten, dass MEA in allen Politikszenarien die hochsten Vermeidungskosten aufweist
(9% und mehr). Der Umbau des globalen Energiesystems reduziert einen Grofteil der
mdglichen Einkommen, welche diese Region aus dem Verkauf fossiler Ressourcen erzie-
len konnte. Das gilt in abgeschwichter Form auch fiir Russland, welches Vermeidungs-
kosten von iiber 5% aufweist. Fiir die drei Industrieregionen UCA, Japan und EUR fol-
gen die Vermeidungskosten einem festen Muster. Die hochsten Kosten sind in UCA zu
finden. Nur unwesentlich geringer sind sie in EUR und am geringsten in Japan. Neben
den Unterschieden in der Ausgangsbasis (hohere Pro-Kopf-Emissionen in UCA) spiegelt
diese Relation auch die ungleichen Wachstumspfade wider, da UCA eine hohere Wachs-
tumsrate ausweist. Mit Vermeidungskosten kleiner als 1% ist Politikszenario B fiir alle
drei Regionen das giinstigste. Fiir China ergeben sich die geringsten Kosten in Politik-
szenario A (1,1%), die Varianz der Kosten zwischen den Politikszenarien ist allerdings
erstaunlich gering. Das Gegenteil gilt fiir Indien, das nur im Mehrstufen-Szenario C sehr
geringe Kosten hat (0,5%). Afrika gewinnt in allen Politikszenarien, am stérksten in bei-
den Mehrstufen-Szenarien (negative Vermeidungskosten von mehr als 10%).

4.5 Analyse von Vermeidungsoptionen

Hinsichtlich der technologischen Entwicklung im Energiesektor wurden im Rahmen der
Analyse der Politikszenarien sechs Handlungsoptionen zur Vermeidung des Klimawan-
dels identifiziert (siche Abschnitt 4.1). REMIND-R simuliert relativ hohe Anteile der
Kernenergie und der CCS-basierten Kohlenutzung am Energiemix. Risikoaversion und
fehlende soziale Akzeptanz konnten den beschrinkten Einsatz beider Vermeidungsoptio-
nen nahe legen. Basierend auf dem ,,Reduktion & Konvergenz“-Szenario wurden zwei
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zusitzliche Szenarien definiert, welche auf den Einsatz von CCS-Technologien bzw. von
Nukleartechnologien verzichten.

Im ,,NoCCS*“-Szenario wird auf die Verwendung von CCS-Technologien bei der Nut-
zung von Kohle und Gas, aber auch in Kombination mit der Biomassenutzung verzichtet.
Dies fiihrt in erster Konsequenz zu einer deutlichen Reduktion des Energieverbrauchs.
Dies gilt vor allem langfristig. Im Jahr 2100 reduziert sich der Primérenergietragereinsatz
um fast 30% gegentiber Politikszenario A, was allerdings zum Teil an der Zusammenset-
zung des Primérenergietrigermixes liegt (ein geringerer Anteil an fossilen Energietragern
bedeutet, dass der Sekundérenergieverbrauch deutlich weniger reduziert wird). Die Diffe-
renz in der Stromproduktion betrdgt im Jahr 2100 weniger als 10% (siehe Abb. 11). Die
durch das Fehlen der CCS-Option entstandene Vermeidungsliicke wird im Wesentlichen
durch den Einsatz von Solarenergie und Kernenergie geschlossen. Wahrend im Strom-
sektor Ausweichmoglichkeiten existieren, hat der Ausfall der CCS-Technologie wesent-
lich stirkere Auswirkungen im Transportsektor (Biofules sind weniger attraktiv) und bei
der Wasserstoffproduktion.

500,

I Kohle, CCS

[ INuklear
[ETIHDR (Geoth.)
Il \Wasserkraftwerk
[ IWind Turbine
[ Solar

[ Biomasse

Elektrizitatserzeugung [EJ]

0 2020 2040 2060 2080 2100
Jahr

Abb. 11: Globaler Stromerzeugungsmix im ,,NoCCS‘“-Szeanrio.

Der Optionswert der CCS-Technologie ist sehr hoch. Die Vermeidungskosten steigen
auf mehr als 2% im globalen Durchschnitt (sieche Abb. 13). UCA, EUR, Japan, Russland
und MEA weisen die hochsten zusétzlichen Kosten aus, wahrend Afrika und ROW ge-
winnen. Beide profitieren von einem steigenden CO,-Preis, welcher die Handelsbilanz
dieser beiden Verkdufer von Emissionsrechten deutlich verbessert.

Im eingeschrankten Nuklearszenario (,,NucFix“-Szenario) wird die Menge der einge-
setzten Kernenergie auf das Niveau beschrinkt, welches sich im Referenzszenario ergab.
Damit wird der Beitrag der Kernenergie zur Emissionsreduktion vollig ausgeschaltet. Die
Einschrinkung des Energieverbrauchs ist im Ergebnis dieses Szenarios wesentlich gerin-
ger als im ,,NoCCS*“-Szenario. Die Hohe der Stromproduktion ist d&hnlich der im Politik-
szenario A (siehe Abb. 12). Investitionen in CCS-Technologien (Gas, Kohle und Biomas-
se) und in die Solartechnologie werden vorgezogen, um den Ausfall der Nuklearoption
auszugleichen. Die kurzfristig verbleibende Liicke wird durch andere erneuerbare Ener-
gietechnologien (Windkraft und Wasserkraft) geschlossen. Zusétzlich vergroBern CCS-
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Technologien mittelfristig (2030-2060) ihre Anteile. Insgesamt ist der Verzicht auf die
Nuklearoption nicht sehr teuer (siche Abb. 13). Der Optionswert ist gering. Die zusétzli-
chen Vermeidungskosten betragen 0,2% im globalen Durchschnitt. Die Nuklearoption ist
etwas wichtiger flir Russland, das sich den hochsten zusitzlichen Kosten gegeniibersieht.
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Abb. 12: Globaler Stromerzeugungsmix im ,,NucFix‘‘-Szenario.

. pol A
[ InoCCS
UCA --_-nucFix | _F'
JAP | =
EUR | —
RUS | ——
MEA | —_—
CHN | =
IND | —
AFR+ e
ROW | =
Welt! =]
20 -10 0 10 20

%

Abb. 13: Durchschnittliche Vermeidungskosten im ,,Reduktion & Konvergenz®-,
,,noCCS*“- und ,,nucFix‘“-Szenario.
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5 Schlussfolgerungen

Der vorliegende Bericht analysiert auf der Basis von Modellergebnissen die Implikati-
onen von Vorschldgen zur Gestaltung von Post-2012-Klimapolitikregimen. Als Analy-
sewerkzeug dient dabei das Modell REMIND-R, mit dessen Hilfe sowohl makrodkono-
mische Verteilungs- bzw. Einkommenseftfekte als auch technologische Entwicklungen im
Energiesektor beleuchtet werden konnen. Die im Zentrum der Analyse stehende Bestim-
mung regionaler Vermeidungskosten beriicksichtigt dabei auch Riickkopplungen zwi-
schen Investitions- und Handelsentscheidungen der iiber verschiedene globale Markte
(Emissionsmarkt, Giitermarkt, Ressourcenmarkt) verbundenen Regionen.

Die untersuchten Regime unterscheiden sich im Wesentlichen durch die Allokation
der Emissionsrechte. Sie stellen dariiber hinaus alternative Ausgestaltungen eines interna-
tionalen ,,Cap and Trade‘“-Systems dar, das auf die Einhaltung des 2°C- Klimaziels aus-
gerichtet ist. Anhand der Verteilung der Vermeidungskosten lassen sich folgende
Schlussfolgerungen ziehen:

e Ambitionierte Klimaziele, die das Klimaziel von 2°C mit hoher Wahrschein-
lichkeit einhalten, sind mit Kosten von ca. 1,5% des globalen Bruttoproduktes
zu erreichen; Kostenabschidtzungen fiir Niedrigstabilisierungs-szenarien aus
vorangegangenen Studien werden damit bestétigt.

e Die regionalen Reduktionslasten variieren mit der speziellen Ausgestaltung ei-
nes Post-2012-Klimapolitikregimes erheblich; jedoch ist die Varianz der regi-
onalen Vermeidungskosten zwischen den Regionen wesentlich hoher als zwi-
schen den Politikszenarien.

e Die durchschnittlichen globalen Vermeidungskosten sind fiir Politikregime mit
unterschiedlicher Anfangsverteilung von Emissionsrechten annéhernd gleich.

e Auf einem BIP-Intensitdtsziel basierende ,,Cap & Trade“-Systeme sind fiir die
Industriestaaten vorteilhafter, fiir die Entwicklungslédnder eher der ,,Reduktion
& Konvergenz“-Ansatz bzw. der Mehrstufenansatz.

e Afrika kann durch die Einbindung in ein globales Emissionshandelssystem er-
heblich profitieren.

e Regionen mit einem hohen Anteil am Handel mit fossilen Rohstoffen (MEA
und Russland) tragen die hochsten Vermeidungskosten.

e Der Verzicht auf die Nuklearoption kann durch alternative Technologien kos-
tengiinstig kompensiert werden, wihrend der Verzicht auf CCS-Technologien
die Vermeidungskosten um mehr als einen Prozentpunkt erhoht.

Die hier analysierten Klimastabilisierungsszenarien erfordern drastische Emissionsre-
duktionen von 60-80% weltweit bis zum Jahr 2050. Sofortige und multilaterale Aktionen
sind in solchen Szenarien notwendig. Angesichts der geringen Varianz der Vermeidungs-
kosten in Schliisselregionen wie UCA, Europa, MEA und China, sollte bei der Entschei-
dung fiir ein kiinftiges Klimapolitikregime dessen Anreizwirkung auf die verbleibenden
Regionen beriicksichtigt werden. Aus dieser Perspektive sind von den untersuchten Poli-
tikregimen der ,,Reduktion & Konvergenz“-Ansatz (vorteilhaft fiir Russland) oder der
Mehrstufenansatz (vorteilhaft fiir Afrika und Indien) zu bevorzugen.
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Summary

1 Introduction

It is the objective of the UN Framework Convention on Climate Change to stabilise
the concentration of greenhouse gases on such a level that "would prevent danger-
ous anthropogenic interference with the climate system” (article 2 of the Frame-
work Convention on Climate Change). This objective is an essential basis for the
international negotiation process to further develop the climate regime (Kyoto Pro-
tocol and follow-up agreements). Based on the EU target to avoid a warming of the
Earth’s atmosphere by more than 2°C compared to the pre-industrial level, it has
been the mission of the research project to identify the magnitude of costs to attain
such a climate protection target under different designs of the post-2012 climate
regime. The regional specification of mitigation costs is analysed in the context of
globalisation where regions are linked by different global markets for emission per-
mits, goods and resources. Three alternative scenarios of climate policy regimes,
based on a different initial allocation of emission rights, has been investigated: (I)
contraction & convergence, (II) intensity target, (II) multi-stage approach.

The newly-developed model REMIND-R serves as the basic tool. REMIND-R
is a multi-regional hybrid model which couples an economic growth model with
a detailed energy system model (see Figure 1) and a simple climate model. The
individual regions are coupled by means of a trade module.

The current version of REMIND-R includes nine world regions:

UCA - USA, Canada, Australia

EUR - EU27

JAP - Japan

CHN - China

IND - India

RUS - Russia

AFR - Sub-Saharan Africa (incl. Republic of South Africa)
MEA - Middle East and North Africa

ROW - Rest of the World (including Latin America, Pacific Asia and Rest of
Europe).

A S I
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Figure 1: Structure of REMIND-R

Each region is modelled as a representative household with a utility function
that depends upon the per capita consumption. REMIND-R is formulated as an
intertemporally optimising Social Planner model. It maximises a global welfare
function that results as a weighted sum of the regional utility functions. REMIND-
R is run in the cost-effectiveness mode when it is used for climate policy simu-
lations, i.e. climate policy targets are integrated into the model by an additional
constraint.

2 Reference scenario

We start the presentation of the results of the model runs with REMIND-R with
a discussion of the reference development (’business-as-usual”’-scenario). In this
scenario, it is assumed that climate change has no economically and socially impor-
tant effects. Thus, a further world-wide increase of emissions can be assumed. A
large part of the economic growth is based on the use of fossil energy sources. This
reference development shall serve as a benchmark for scenarios in which climate
change is sustainably confronted by climate policy.
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2.1 Technology development and energy production

The development of the energy system is presented in the following. Figure 2
shows the primary and secondary energy production for the 21st century, differen-
tiated by the energy sources'. Both, the primary and secondary energy production
are increasing continuously in the next hundred years with a weakening annual in-
crease. This is due to the population scenario, the decreasing growth of demand in
the developed countries and the increasing rise in cost of fossil energy sources. The
primary energy production will increase from almost 470 EJ to more than 1400 EJ
per year.
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Figure 2: Global production of primary and secondary energy sources in the refer-
ence scenario

The primary energy mix remains mostly based on fossil energy sources. Whereas
the use of oil and gas is nearly constant, the use of coal is strongly increasing (par-
ticularly until 2030). Coal is here particularly used to produce electricity (see Fig-
ure 3) and replaces the conversion of gas and nuclear energy into electricity. Power
generation will increase almost linearly by approximately 3.6 EJ per year to around
400 EJ at the end of the century, it is sixfold higher compared to the base year. The
economic attractiveness of coal is due to its lower costs, the flexible trade and the
assumption that the use of coal is not subject to any regulations. However, there
will be a price increase for coal around the middle of the century that makes the use
of renewable energy sources competitive. Hydro energy and especially wind en-

!The primary energy production of the renewable energy sources wind, solar and hydro energy is
put on the same level as the related secondary energy production.
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ergy will increasingly be used for primary energy production. The use of biomass
will also increase after 2030 which is due to its increasing availability. Nuclear
energy will be used as a considerable supplement for coal at the end of the century.
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Figure 3: Global power generation in the reference scenario

2.2 Emissions

From the analysis so far it inevitably results that there will be an increase of emis-
sions. This is mostly due to the conversion of coal into electricity. The world-wide
emissions amount to approximately 21 GtC (76 Gt CO2) in 2100 (see Figure 4(a)).
The increase of emissions is mainly quite high in the early decades - with a dou-
bling of the emissions between 2005 and 2025. The temporary decrease of the
emissions around 2060 is due to a cost-driven decrease of coal production and an
increased use of nuclear energy. As of 2070, emissions increase again.

There still remain large differences in per capita emissions (Figure 4(b)). While
the industrial countries increase their per capita emissions until 2025 and keep them
on a high level (5-9 tC per year) thereafter, they rise to approx. 2-3 tC in China,
India and MEA until 2100. The per capita emissions rise to more than 10 tC until
the middle of the century in Russia and stay above 7 tC until the end of the century.
Africa remains on a consistently low level with less than 1 tC per capita.

While the emissions reach their maximum around 2040 in EUR and UCA,
emissions are continuously increasing in India and China. The increase will be in-
terrupted in China in the second half of the century when oil consumption declines.
Coal is the main energy source in all regions which causes an increase of the emis-
sions. But also the distinct reduction of the emissions around 2060 is linked to the
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Figure 4: Emissions in the reference scenario

use of coal (especially to the sharp decline in UCA).

3 Post-2012 climate policy regimes

The following analyses are based on the 2°C target. Within each policy scenario,
a global emission path has to be determined which meet the 2°C target with high
certainty. However, within REMIND-R the energy-related CO2 emissions are un-
der the control of the decision-maker only. Exogenous scenarios are applied for
the development of other anthropogenic greenhouse gas emissions. In the current
model setting, drastic emission reductions have been provided by the energy sector.
Global energy-related CO2 emissions have to be reduced by 50% until 2035. The
atmospheric CO5 concentration reaches its maximum at around 415ppm in 2030.

In the analysis of how and at what costs such a reduction path can be achieved,
we investigate three different designs of an international cap & trade system. In
such a system, emission rights according to their reduction obligations will be al-
located to the individual regions as of 2010. The endogenously determined global
emission reduction path represents the world-wide available amount of emission
rights.

Contraction & convergence (policy scenario A)
As of 2050, emission permits are allocated to the regions on an equal per capita
basis. By determining these allocations between 2010 and 2050, there is a smooth
transition of the regional shares between grandfathering and same per capita emis-
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sions. 2000 is assumed to become the reference year for grandfathering.

Intensity target (policy scenario B)
In this policy scenario, the shares of the regions are determined by the globally
available emission rights according to their shares in the world-wide gross product,
i. e. each region receives the same emission rights per unit gross domestic product
(GDP). In this policy scenario, the industrial countries are apparently provided with
more emission rights than in the other two policy scenarios.

Multi-stage approach (policy scenarios C and D)
We selected a form of multi-stage approach in which the quantitative reduction
obligations of the individual regions depend upon their per capita incomes. We
distinguish four stages. Regions of the first stage are practically not obliged for
any reductions. They can, however, participate in the emission trade and will be
provided with certificates to the amount of their reference emissions. Regions of
the second stage will be provided with emission rights to the amount of 0.15 GtC
per 1 trillion $US gross national product (GDP). Since a growth of the GDP can
be expected as a rule, this stage comprehends an increase of emission rights for
the respective regions. Regions of the third stage are obliged to stabilise their
emissions, while regions of the fourth stage have to significantly contribute to the
emissions reduction. The share of global emission rights for these regions arises
from deducting the number of certificates used for the regions of stage 1 to 3. The
internal allocation between the regions of stage 4 follows again the above-described
contraction & convergence approach.

As an additional variant of the multi-stage approach, we formulated a scenario
in which only those regions participate in the emission trade which are either in
stage 2, stage 3 or in stage 4.

4 Model results

4.1 Policy scenario A: Contraction & Convergence

Mitigation costs We define mitigation costs as the difference of consumption
between the policy scenario and the reference scenario. In policy scenario A, the
average global mitigation costs are at 1.5%, at maximum approx. 2.5% with higher
mitigation costs arising in the second half of the century. The regional costs are
widespread around these global values. MEA needs to deal with the highest costs
— nearly 10% in average. Russia and India are also above the world-wide average.
At the same time, some regions like Africa and ROW benefit in policy scenario A.
Africa benefits most with an average gain of almost 5.2%.
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Technology development and energy production Drastic changes in the energy
system are induced by introducing climate policy. This can be seen in many differ-
ent ways in all areas. The fundamental changes can be summarised in five options
for action:

1. Reduction of the entire energy consumption.

2. Immediate expansion of renewable energy technologies for the production
of high-value energy sources; expansion of nuclear energy.

3. Application of COs capturing and sequestration (CCS) for the conversion of
gas and coal into electricity as well as biomass into hydrogen.

4. Reducing the production of fuels and gases, since technical avoidance op-
tions are less efficient here.

5. Reducing the production of the low-value energy sources solids and other
liquids so that more oil and biomass is available for the production of higher-
value energy sources.
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Figure 5: Global production of primary and secondary energy sources in the policy
scenario A

The results are mainly discussed in comparison with the developments in the
reference scenario. The entire energy production - primary as well as secondary -
will be reduced. The primary energy generation reaches now approx. 1250E]J at the
end of the century (see Figure 5), whereas 1430EJ were reached in the reference
scenario. In the short run, primary energy generation is increasing less first and
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accelerates its growth then again; this was vice versa in the reference scenario. An
output of only roughly 770EJ will be reached in secondary energy production in
2100, while roughly 910EJ are produced in the reference scenario. This drastic
reduction is due to the composition of primary energy and the balancing according
to the direct method of consumption. The most obvious change in the primary
energy mix (compared to the reference scenario) is the strong restriction in the
use of fossil energy sources and the stronger and earlier expansion in the use of
renewable energy sources and nuclear energy. As of 2040, solar energy will also
play a role now. Solids and other liquids will already earlier be taken out of the
system in secondary energy production. Gas, heat and fuels will be produced to
a minor degree. The production of hydrogen and electricity, however, will even
increase compared to the reference scenario. Electricity generation (see Figure 6)
is going to reach 480EJ.

500 Il Diesel
Il Nat. Gas

— Il Nat. Gas, CCS
1] 400¢ I Coal
=1 I Coal, CCS
g [_INuclear
= [ HDR (Geoth.)
g 3001 Il Hydro
'8 [wind turbine
= [ Solar
o [Biomass
22001
8
=}
3
m 100

2020 2040 2060 2080 2100
Year

Figure 6: Global power generation in the policy scenario A

Expectedly, the use of wind, solar energy and water power is especially notice-
able in the power generation mix. The expanse of these alternatives is especially
remarkable. By the end of the 21 century the share of renewable energy produc-
tion will be 56%. In the area of fossil energy sources, it can be observed that now
gas is used for power generation; the emission restriction, however, demands CO»
capturing. Coal will even on the long-term not be excluded from the generation
mix. It is burnt in power plants applying the so-called oxyfuel method. This tech-
nology actually provides the most thorough capture technology, since only roughly
one percent of the produced CO4 will be released into the atmosphere.

It is to be summarised that the energy production, compared to the reference
scenario, is much lower and that the structure will be modernised in a speedy man-
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ner. The low-value energy sources quickly lose their shares, while power genera-
tion will maintain its absolute share and hydrogen is gaining importance.

Emissions The pursued stabilisation scenario requires a fast and drastic decrease
of emissions of all regions. Reductions are most drastic between 2025 and 2050
(see Figure 7(a)). Global emissions have to be reduced in 2050 by almost 73% and
78% related to the year 1990 and 2005, respectively. At the same time, the permit
share of the developing world regions and ROW increases drastically. In the case of
a missing emissions trading market, the industrial regions would need to decrease
their per capita emissions to around 5% of today’s level by 2050, in MEA, China
and ROW to 20-25%, while India and Africa could still increase their per capita
emissions. For both regions it is however obviously more favorable not to increase
their own emissions and to sell the allocated emission rights profitably. Taking
emissions trade into consideration (see Figure 8), the reductions are lower in the
industrial countries. Figure 7(b) shows that the respective per capita emissions
would need to be reduced by approx. 20-35% in 2025 and by approx. 70-80% in
2050. Moreover, all regions need to reach per capita emissions of less than 1.2 tC
per year in 2050, in 2100 even less than 0.2 tC.
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Figure 7: Emissions in the policy scenario A
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Figure 8: Emission trade in policy scenario A

4.2 Policy scenario B: Intensity target

Mitigation costs Policy scenario B produces in principle a different picture for
mitigation costs than policy scenario A. Although the global average loss in con-
sumption is the same, the regional distribution of costs is quite different. First, it
can be noticed that Africa is not so clearly the only region to still benefit from the
policy scenario. At least for the short term, negative mitigation costs can also be
found in other regions (in particular in Japan and ROW). The consumption losses
of UCA, EUR and China are slightly lower than the global average. Moreover,
all industrialized regions have lower costs in policy scenario B than in policy sce-
nario A. The regions MEA and Russia have further on higher costs than the world
average, but also India bears high costs.

Technology development and energy production The technological develop-
ment in policy scenario B is the same like in the policy scenario A. This is due to
the properties of an efficient market that generates the same allocation of scarce
goods independent of the distribution of the emission permits among regions.

Emissions The permit allocation is quite different between policy scenario A and
policy scenario B. The latter allocates permits proportional to the regions’ share on
global GDP. Until 2050, the share of permits allocated to the developed world
regions amounts to more than 50%. In this period, the bigger part of cumulated
emission permits is allocated, which additionally favours the developed regions.
Despite the differences in the permit allocation and based on a different structur of
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emissions trade (see Figure 9), the emission trajectory and the regional structure of
actual emissions is nearly the same (see Figure 7(a)).
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Figure 9: Emission trade in policy scenario B

4.3 Policy scenarios C and D: Multi-stage approach

Mitigation costs Again, MEA and Russia need to bear the highest mitigation
costs. As distinct from policy scenario A and especially from policy scenario B,
Africa benefits even stronger from a distribution of emission rights with a multi-
stage approach. This is due to the fact that Africa is the region with the lowest per
capita income and thus by the assumed allocation rule gets even more emission
rights than in policy scenario A. As Africa can substitute easily away from the
baseline use of fossil resources, an excess of permits results which can be sold
profitably. In policy scenario C, this also applies to India which faces quite low
consumption losses.

Technology development and energy production Policy scenario C differs from
scenarios A and B. In the short run up to 30 EJ (per year) less oil and gas is used
in policy scenario C, that is substituted by an increase in the use of biomass and
uranium. During the second half of the 21% century the development twists to the
opposite: more oil, gas and coal is employed, but uranium use is reduced.

While oil shows a clear pattern of reallocation in time, for gas we observe also
a different distribution between the regions: in the 2" half of the century China
reduces its gas consumption favouring all other regions. At the same time, China
increases its consumption of coal. The use of uranium shows mainly a temporal
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redistribution, but the reduction of uranium use is most emphasised in India and
Europe.

Emissions The permit allocation in the multi-stage scenario is featured by a fast
increase of the developing regions’ permit share. Already in 2030, UCA, EUR and
JAP are allocated with less than 10% of global permits (while provided with 50%
in 2010). Moreover, in contrast to policy scenario B, which despite different re-
gional caps, comes up with the same regional emission reduction paths like policy
scenario A, policy scenario C (see Figure 10(a)) results in different paths. Globally,
less emissions are produced in the short term, but more in the long term. The most
demanding reduction phase, which is between 2025 and 2040, in policy scenario
A and B is brought forward (between 2015 and 2030; in policy scenario D, char-
acterised by emissions permit trade restrictions, even between 2010 and 2025 - see
Figure 10(b)). The most demanding reduction phase, which is between 2025 and
2040 in policy scenario A and B, is brought forward (between 2015 and 2030; in
policy scenario D (see Figure 10(b)) even between 2010 and 2025).

Whereas policy scenario A and B imply full flexibility in allocating global
emission permits over time, policy scenario C and D imply predefined amounts of
permits for the stages 1 to 3. This, on the one hand, results in a rather discontinuous
profile of global emissions, and on the other hand, yield a higher amount of permits
to be allocated in the second half of the century. In order to meet the climate target,
the latter has, obviously, to be compensated by a lower level of emission permits
in the first half of the century.

CO2 emissions [GtC]
002 emissions [GtC]

0
2020 2040 2060 2080 2100 2020 2040 2060 2080 2100
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(a) Policy scenario C (b) Policy scenario D

Figure 10: World-wide emissions in the policy scenario C and D
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4.4 Comparison of policy regimes

All policy scenarios pursue the same stabilisation target. Regarding ecological effi-
ciency (i.e. its contribution to climate stabilisation), they are almost equal. Despite
the same amount of global emission rights, the global emission course of the dif-
ferent policy scenarios is however not identical. This indicates inefficiencies in the
distribution of emission rights. This effect, which applies to the multi-stage sce-
nario, is however marginal here. Global average mitigation costs are between 1.4%
and 1.5% for the policy scenarios A, B and C. Policy scenario D is most expensive
with 1.6%.

Figure 11 provides an overview of the average regional mitigation costs for the
four investigated scenarios. Policy scenario A and C have a similar cost level for
UCA, JAP, EUR, MEA and ROW. While the policy scenario A is more beneficial
for Russia and China, Africa and India benefit significantly from the multi-stage
scenario. Policy scenario B has the smallest range of regional mitigation costs. But
at the same time, it is also a scenario of extremes. For many regions, it is either
the most favourable or the worst scenario. It is most favourable for industrialized
countries (except for Russia). The developing regions, on the other hand, need to
bear significant mitigation costs. In the light of the distribution of the historical re-
sponsibility for the climate problem, this could be a heavy burden in future climate
negotiations. Policy scenario D is acceptable for few regions, but for most it is not.
Altogether, the restriction made to the global emission trade system has a relatively
high price.

As a robust result it turns out that the variance of mitigation costs is higher be-
tween the different regions than between the different policy scenarios. From the
regional point of view, it should be noted that the region MEA has to bear the high-
est costs in all scenarios (always more than 9%). The reconstruction of the global
energy system reduces part of the possible rents of this region whose revenues are
to a large part derived from selling fossil resources. This is in a slightly milder form
also true for Russia (always more than 5%). For the three developed regions UCA,
Japan and EUR, the costs over the different scenarios develop according to a fixed
pattern. The highest mitigation costs among this group can be found in UCA, they
are slightly lower in Europe and they are lowest in Japan. Beside the different base
level (highest per capita emissions in UCA), the growth pattern is also reflected
in this relation according to which the region UCA will grow most rapidly among
these three regions. For all three regions, policy scenario B is the most favourable
one (mitigation costs amount to 1% or less). For China, the lowest costs arise in
policy scenario A, however, variance of costs between the scenarios is contained.
The contrary holds for India, where all scenarios but the multi-stage scenario are
quite expensive. Africa benefits in all policy scenarios, most remarkably in the
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Figure 11: Average mitigation costs

multi-stage scenarios (more than 10% consumption gains).

4.5 Analysis of mitigation options

Within the policy analyses (cf . section 4.1) different mitigation options have been
identified. REMIND-R simulates relatively high shares of nuclear energy and use
of coal based on CCS technologies. Risk aversion and a lack of social acceptance
may restrict the use of both technologies. Based on the contraction & convergence
scenario we defined two additional scenarios which restrict the use of the CCS
technologies and of nuclear energy technologies.

No-CCS scenario In this scenario, the application of CCS technologies either
in combination with the use of coal and gas or in combination with the use of
biomass is completely switched off. In consequence of switching off CCS, the
energy consumption will be reduced significantly. This, above all, applies for the
long-term. In 2100 primary energy consumption in the No-CCS scenario is almost
30% lower than in the C&C scenario which however is partly due to the different
composition of the primary energy (a lower share of fossils means that in terms
of secondary energy the energy consumption is reduced to a smaller degree). The
remaining gap is filled mostly by solar energy and nuclear energy (see Figure 12).
There is a reduction of global electricity production compared to the C&C scenario
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in the last 20 years of the century only. It amounts to less than 10%. While for the
electricity production alternatives exist, the drop out of CCS technologies have a
more drastic impact on the transport fuel sector and on the production of hydrogen.
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Figure 12: Global power generation in the No-CCS scenario

The option value of the CCS technology is quite high. Mitigation costs increase
to more than 2% globally (see Figure 13). UCA, EUR, Japan, Russia and MEA
face highest additional mitigation costs, while AFR and ROW benefit. The drop
out of CCS technologies increases the permit prices significantly. This improves
the terms of trade of Africa and ROW.

Fixed nuclear scenario In this scenario, the use of nuclear energy is fixed to
the amount of the reference scenario. The reduction in energy consumption is less
drastic than in the No-CCS scenario. The electricity production is quite similar
(see Figure 14). Investments in CCS technologies (gas, coal, biomass) and solar
technologies are brought forward, but can not completely compensate for the miss-
ing nuclear option. Other renewable energy technologies (Wind and Hydro) fill the
gap in the short term. In the mid term (2030-2060) coal with CCS gains additional
shares. Altogether, doing with restricted nuclear energy is not at all very costly
(see Figure 13). The option value of nuclear energy is quite low; the incremental
mitigation costs are in the order of 0.2% globally. The nuclear option is slightly
more important for Russia that faces highest additional costs compared to the C&C
scenario.
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Figure 14: Global power generation in the fixed nuclear scenario

S5 Conclusion
This study analyses the implications of suggestions for the design of post-2012

climate policy regimes on the basis of model simulations. The focus of the analysis,
the determination of regional mitigation costs and the technological development in
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the energy sector, also considers the feedbacks of investment and trade decisions of
the regions that are linked by different global markets for emission permits, goods
and resources. The analysed policy regimes are primarily differentiated by their
allocation of emission rights. Moreover, they represent alternative designs of an
international cap & trade system that is geared to meet the 2°C climate target. The
following conclusions can be drawn:

e Ambitious climate targets that meet the 2°C climate target with high like-
lihood can be reached with costs amounting to approx. 1.5% of the global
gross product; this roughly confirms cost estimates of low stabilisation sce-
narios from earlier studies based on global models (IMCP study).

o The global average mitigation costs are nearly the same for alternative policy
regimes which differ by the allocation of emission permits.

e The regional burden of emission reductions considerably varies with the par-
ticular designs of a post-2012 climate policy regime; however, the variance
of mitigation costs between the regions is higher than between the policy
regimes

e Cap & trade systems based on a GDP-intensity target are more favourable for
industrial countries (except for Russia), the contraction & convergence ap-
proach and/or the multi-stage approach are more favourable for developing
countries.

e Africa can considerably benefit from an integration into a global emissions
trading system.

e Regions with high shares in trade of fossil resources (MEA and Russia) bear
highest cost

e Doing without the nuclear energy option is not costly, but forgoing the CCS
option will increase the global mitigation costs by more than percentage
point.

The present study analyses ambitious climate protection scenarios that require
drastic reduction policies (reductions of 60%-80% globally until 2050). Immediate
and multilateral action is needed in such scenarios. Given the rather small variance
of mitigation costs in major regions like UCA, Europe, MEA and China, a pol-
icy regime should be chosen that provides high incentives to join an international
agreement for the remaining regions. From this perspective either the C&C sce-
nario (incentive for Russia) is preferable or the multi-stage approach (incentive for
Africa and India).
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Chapter 1

Introduction

1.1 Project task

Based on the resolution of the EU Council of Ministers to avoid a warming of the Earth’s
atmosphere by more than 2°C compared to the pre-industrial level, it has been the mis-
sion of the research project to identify the magnitude of costs to attain such a climate
protection target. The regional specification of investments and mitigation costs is highly
important for the climate policy negotiations which has therefore been the central objec-
tive of the research project. In detail, the role of European climate policy in the context of
globalisation shall be analysed. Moreover, the influence of international emission trade
on the costs of climate change mitigation under different constellations of the post-2012

climate policy regime shall be investigated.

1.2 Preconditions

The project was started and carried out in a period of intensive external discussion and
political negotiations on the Kyoto Protocol and follow-up agreements. The UN Frame-
work Convention on Climate Change formulates the objective to stabilise the concentra-
tion of greenhouse gases on such a level that “would prevent dangerous anthropogenic
interference with the climate system” (article 2 of the Framework Convention on Climate
Change). This objective is an essential basis for the international negotiation process to
further develop the climate policy regime.

In order to support this process, climate policy analyses with an improved energy-
economic-climate model should have been carried out within the project. The model
MIND (Edenhofer et al., 2005) was available at PIK at the beginning of the project.

10
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MIND is a global Integrated Assessment Model suited for analyses of mitigation op-
tions and the impact of induced technological change on the costs of climate policies in
a cost-effectiveness mode. MIND is composed of a macroeconomic module, an energy
system module and a climate module. The energy system distinguishes a fossil extraction
sector, a fossil energy sector, a renewable energy sector and a remaining energy sector.
Technological change in MIND has an endogenous formulation with R&D investments
in labour and energy productivity, learning by doing, and vintage capital in the different
energy sectors. Major mitigation options in MIND are represented by: (i) increasing en-
ergy efficiency, (ii) increasing the share of renewable energies, (iii) carbon capturing and
sequestration.

In order to address the research questions posed by the OPTIKS project, further de-
velopment was needed. There were two branches of model expansion. On the one hand,
a more disaggregated energy system model had to be developed and integrated. This
should allow to identify in more detail the technological mitigation options which will
help to meet the required emission reductions of ambitious stabilisation scenarios. On the
other hand, a regionalised structure which captures important regional interactions had to
be developed. A regionalised model shall provide the basis for addressing the issues of
international burden sharing, emissions trading, technology transfers and trade.

At PIK, preparatory work for the multi-region model (REMIND) yield experiences
in modelling endogenous technological change and algorithms that solve state-of-the-art
growth models numerically. Few theoretical ground is provided in modelling regional
interactions in a dynamic (intertemporal) framework. The usual approach in analysing
regional interactions (mainly trade-related) is to apply CGE models that, however, are
limited to a recursive dynamic. The Negishi approach is an alternative, which originally
is limited to a single good problem. Additional challenges arise when externalities like

emissions and technological spillovers have to be taken into account.

1.3 Planning and progression

The work plan of the project was separated in two major steps: Model development and
policy analysis. As mentioned above, model development was based on the existing
model MIND and experiences in multi-region modeling. The modeling process, con-
sisting of data collection, calibration and validation, was run through repeatedly. While
the MIND model was advanced in terms of modeling endogenous technological change,
it was limited with respect to regional interaction. Therefore, research activities were

concentrated on the development of a model that is regionally disaggregated in the first
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phase. We developed the REMIND-S model version. While this model version allows
to analyse issues of international burden sharing, technological spillovers and emissions
trading, the technological options within the energy system were quite limited. In order
to qualify our analyses on the mitigation costs of climate stabilisation, we focused on a
disaggregation of various energy technologies in the second phase of the project. At the
same time, we extended the regional disaggregation level. The product of this work -
REMIND-R - is a large-scale model that is quite expensive in terms of computing time.
Due to this fact, model validation took more time than expected. Consequently, project

time had to be expanded to run multiple policy scenarios.

1.4 Scientific state-of-the-art

Model-based quantitative analyses are frequently used in climate policy decision-making.
A number of energy-economy-climate models was developed and applied over the last
decade - e.g. RICE (Nordhaus and Yang, 1996), MERGE (Manne et al., 1995; Kypreos
and Bahn, 2003), FAIR (den Elzen and Lucas, 2005), DEMETER (Gerlagh and van der
Zwaan, 2003). The overview of mitigation analysis in IPCC (2001) indicates that there
might be at least three crucial factors in determining economic costs of climate policy
strategies: 1) baseline development in the absence of climate policy, 2) the number and
type of mitigation options considered in the analysis and 3) the way technological change
is handled. The range of mitigation costs that the IPCC reports in the Third Assessment
Report (IPCC, 2001, p. 548) for 450 ppm CO, stabilisation scenarios amounts to 1-4%
of global GDP.

Recently, progress was made in modeling endogenous and induced technological
change (cf. Loschel, 2002, Edenhofer et al. 2006). Models incorporate technological
change endogenously either in the form of investments in R&D, spillovers from R&D,
or technological learning processes (Grubb et al., 2002). Many applied modelling con-
cepts with a detailed representation of energy technologies apply experience curves as
a meaningful description of technological change (Griibler et al. 1999). Almost all of
them are restricted to energy converting technologies and find large welfare gains from
induced technological change (e.g. Goulder and Mathai 2002). This result is confirmed by
bottom-up energy system models. Learning-by-doing and economies of scale within the
renewable energy sector reduce the costs of meeting specific climate stabilization targets
(Manne and Barreto 2004).

The energy sector is a key sector for mitigation strategies. A portfolio of different

technological options and a flexible investment dynamic are crucial in transforming the
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energy system in a climate-friendly way. However, the integration of a ("top-down”)
macroeconomic system module and a detailed ("bottom-up”) energy system module is
only realized in a few models.

Most previous studies (e.g. Manne and Richels, 1997) interpret the climate stabilisa-
tion level requested by the UNFCC as a doubling of the pre-industrial COs level - approx.
550 ppm. Climate impact studies (e.g. Hare and Meinshausen, 2004) show that the risks
for irreversible climate damages is quite high when increasing the global mean tempera-
ture by more than 2°C compared to the pre-industrial level. This climate target, however,
is incompatible with a stabilisation level of 550 ppm. Concentrations below 450 ppm
have to be reached.

In studying the impact of climate policy instruments, a major focus is on international
emissions trading. A range of different proposals for designing an emissions trading
regime can be found in the literature. Heavily discussed is the question of initial permit al-
location (Rose et al., 1998). Grandfathering-based regimes compete with efficiency-based
regimes, with contraction & convergence and with equal per capita allocation regimes.
The number of comparative studies systematically evaluating the implications of various
post-2012 regime options is, however, limited. Amongst the most comprehensive analysis
are the studies by Jacoby et al. (1997) and Hohne et al. (2003). Den Elzen et. al. (2005)
provide an advanced regime analysis. They found that the multi-stage and the Triptych
approach and, to a lesser extent, the contraction & convergence approach provide best
prospects for negotiations. The weakness of their model approach, however, are missing
indirect-cost effects which occur from feedbacks of the economy on the energy sector.

We present a novel hybrid model - REMIND-R - that couples a macroeconomic sys-
tem module with a highly disaggregated energy system module and a reduced-form cli-
mate module. Mitigation costs estimates are based on technological opportunities and
constraints in the development of new energy technologies. Most essential, technolog-
ical change in the energy sector is embedded in a macroeconomic environment that by
means of investment and trade decisions governs regional development. Altogether, this
provides a new level of climate policy decision support and a basis for assessing future
climate policy regimes. In contrast to previous policy regime analysis, this analysis con-
siders a more advanced stabilization target and comes up with a much broader variation
of regional mitigation costs based on a detailed description of the regional energy systems
and trade linkages.

The main part of this report is structured as follows. The newly-developed model
REMIND-R is presented in chapter 2. In chapter 3, we discuss the results from REMIND-

R simulations for the reference (i.e. business-as-usual) scenario. The main focus of the
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report is the analysis of climate policy scenarios which are the subject of chapter 4. Three
cap-and-trade systems have been selected as implementations to be analysed for a post-
Kyoto regime: (I) contraction & convergence, (II) intensity target, (III) multi-stage ap-
proach. These different approaches are used to allocate the global emission reduction
obligations among the regions that are necessary to reach the ambitious 2°C climate pro-
tection target. The approaches have been selected in such a way that they reflect a certain
spectrum in sharing the international reduction burdens. Hence, a basis is formed for a
comparative analysis of the mitigation cost structures of different policy regimes. Results
from scenario runs with the global model MIND are also summarized in this chapter.
Finally, by switching them off we analyse the value of single technological mitigation
options (e.g. carbon capturing and sequestration, nuclear energy). Conclusions are given

in chapter 5.



Chapter 2

Model description REMIND-R

REMIND-R is a multi-regional hybrid model which couples an economic growth model
with a detailed energy system model (see Figure 2.1) and a simple climate model. The

individual regions are linked by means of a trade module.

Makroeconomic Welfare Energy system-
module f module
‘ Investments ‘ Consumption
T T Energy system
[ 7 costs
/ Output [ ¥ ]
Trade “ Hard link Euc] Investments Ope_ration and
costs Maintenance
T f | Learning
Capital || Lab Final Energy transformations and By il
apita abour energy conversion technologies :
i ; T
Ressource and
Labour Energy ¥ .
! — S potential Emissions
: efficiency | | efficiency S

Exogenous Data

Climate
module

Figure 2.1: Structure of REMIND-R
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The current version of REMIND-R includes nine world regions (see also Figure 2.2):

[

. UCA - USA, Canada, Australia

EUR - EU27

JAP - Japan

CHN - China

IND - India

RUS - Russia

AFR - Sub-Saharan Africa (incl. Republic of South Africa)
MEA - Middle East and North Africa

¥ e 2 ks wD

ROW - Rest of the World (including Latin America, Pacific Asia and Rest of Eu-

rope).

The colours used in Figure 2.2 show whether a respective region belongs to the group
of industrial countries (blue) or developing countries (green). Regions which are in a tran-
sition period (i.e. which have an average per capita income) are shown in red. Regions
which are represented as ROW are shown in yellow. The decision to restrict oneself to
nine regions has technical reasons. The solvability of the model could not have been guar-
anteed with a larger number of regions and the computing time for model experiments,

that needed to be carried out several times, would have increased intolerably.

Figure 2.2: World regions in REMIND-R
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Figure 2.3 shows the population development of all regions from 2005 to 2100 ac-
cording to the exogenous population scenario used (WDI, 2005). World population grows
from 6.6 billions in 2005 to 9.0 and 10.0 billions in 2050 and 2100, respectively. Africa
and India are the regions with the largest population growth. The population number in
China will still grow until about 2035 and stagnate afterwards. The regions UCA, EUR,
Russia and Japan will also not crucially grow, the population number will to some extent

decrease.

—UCA
—JAP
—EUR

25 —RUS
MEA
—CHN
IND
—AFR
ROW

1.5/'

Population [Bill.]

0.5

2020 2040 2060 2080 2100
Year

Figure 2.3: Population development

2.1 Macro-economy module

The world-economic dynamics over the time horizon 2005 to 2100 is simulated by means
of the macro-economy module in REMIND-R. The time step range is five years. Each
region is modelled as a representative household with a utility function that depends upon
the per capita consumption. It is the target of REMIND-R to maximise a global welfare
function that results as a weighted sum of the regional utility functions. REMIND-R is run
in the cost-effectiveness mode when it is used for climate policy simulations, i.e. climate
policy targets are integrated into the model by an additional constraint (e.g. upper bound
for temperature increase). In the context of an intertemporal optimisation, a solution
which is able to meet this climate target in a welfare-optimal way is searched.

The production function which determines the marco-economic output expressed as
the gross domestic product (GDP) is the central element of the module. The macro-

economic production function is a “constant elasticity of substitution” (CES) function of
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the production factors labour, capital and end use energy. To be able to calculate this end
use energy, there is a nested tree with additional CES production functions. The end use
energy of the upper production level is calculated as a production function which com-
prises the transportation energy and the stationary used energy. These two energy types
are in turn determined by means of nested CES functions. The whole tree is shown in
Figure 2.4 .

\
B o)

/
=)
f t
c=2,5

/ 7:3\\ ERN
(Heat ) [ Gases ) (Hydrogen) (sotids )

Figure 2.4: CES production structure in the macro-economic module

The CES production structure shows the substitution elasticities between the produc-
tion factors of the respective levels. In general, it holds true that the substitution elasticity
increases with a larger ramification. A value of 0.5 is assumed for the top level, whereas
the substitution elasticity is between 2.5 and 3 for the lower levels.

The produced GDP of a region is used for the regional consumption, investments, all
expenditures in the energy system and for the export of goods. The available gross na-
tional product (GNP) results from additionally considering the imported goods. An exact
description of the trade module with a list of all tradable goods can be found in Chapter
2.3. The amount of investments in a region determines the change of the respective capital
stock.

Endogenous R&D investments are not yet modelled in REMIND-R. Instead, exoge-
nous efficiency changes of the individual production factors are given for all production

levels. Figure 2.5 exemplarily shows the growth rates of the efficiency parameters for
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the individual production factors in the regions UCA and MEA. Initially, there are higher
parameter values for India and above all for China. The initial values represent first best

guesses supported by empirical data (PWT, 2007).

0.03 — Labour 0.03 — Labour
—— Capital —— Capital
— Electricity — Electricity
0.02 —— Gases 0.02 ——Gases
T — Oth. Liqu. //_( — Oth. Liqu.
g Solids Solids
L Heat iC) Heat
© 0.01 —Fuels © 0.01 —Fuels
< H, < — H,
E g
s ° — 5 °
-0.01 -0.01
-0.02 2020 2040 2060 2080 2100 002 2020 2040 2060 2080 2100
Year Year
(a) UCA (b) MEA

Figure 2.5: Growth rates of the efficiency parameters of individual production factors

2.2 Energy system module

The energy system module (ESM) of REMIND-R comprises detailed technical and eco-
nomic aspects of energy transformation. Three prerequisites need to be fulfilled to be able

to transform one energy source to another:

1. Sufficient capacities need to be available that are to be built up by investments,
2. funds need to be spent for maintenance and operation,

3. sufficient primary energy sources need to be available, the provision of which is

combined with fuel costs.

The financial expenses need to be covered by a budget that corresponds to the GDP,
i.e. each increase in energy system costs will lead to restrictions in consumption which,
according to the utility function, will lead to losses in welfare. First, secondary energy
sources are produced from primary energy sources. These are transformed into final en-
ergy carriers by transportation and distribution which on their part are available on the
macro-economic sector. The secondary energy source electricity takes on a special posi-

tion since it will also be used for several other transformation processes. In most cases, it
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needs to be used - as for heat pumps - in combination with other primary energy sources.
It can, however, be used alone for the production of hydrogen. In the following, the most
important characteristics of the primary energy sources are explained to be able to present
the connection to the secondary energy sources and their transformation options then.
Multiple primary energy sources are available in the ESM. There are renewable pri-
mary energy sources that can be used in each period without changing the costs of utilisa-
tion in subsequent periods. However, they cannot be used unboundedly. Region-specific
and energy source-specific potentials are defined here. In addition, the potentials are clas-
sified into different grades which, as a result of optimisation, leads to a gradual extension
of the use of renewable energy sources. This means that e.g. a gradual potential of wind
power is exhausted before the next — relatively less attractive — potential will be exploited

as the electricity price crosses a critical value.

[ JUranium

ElCoal |
Bl Gas
Il oil

Uranium

Gas I
Qil I

0 2 4 6 8 10 12 0 10

1000EJ 1000EJ
(a) Countries (b) Energy carriers

Figure 2.6: Overview on reserves of exhaustible primary energy carriers

Besides, there are exhaustible primary energy sources where the costs rise with in-
creasing cumulative extraction region-specifically and energy source-specifically. Our
assumption on the scarcity of exhaustible resources is based on data from ENERDATA.
Figure 2.6 shows the reserves of exhaustible primary energy carriers differentiated by
energy sources and regions. Table 2.1 shows the cost parameters for the exhaustible re-
sources. Each extraction curve for all regions and energy types starts at the initial extrac-
tion costs. The extraction costs at reserve limit are exactly met, when extraction reaches
the reserve limit. The initial extraction costs and those at the reserve margin are connected
by a quadratically increasing function. Extraction of the primary energy types can be ex-

tended beyond the reserve limit, but the extraction costs continue to follow the quadratic
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Table 2.1: Overview on cost parameters of exhaustible primary energy carriers

H Coal Oil Natural gas Uranium

Initial extraction costs [$US per GJ] 1.5 35 3.5 30%S
Extraction costs at reserve limit [$US per GJ] || 3.5 6 6 80%

increase. The assumptions on extraction costs of fossil resources are at the bottom edge
of estimations to be found in literature.

As for exhaustible primary energy sources, the use of fossil energy leads to CO, emis-
sions, while the application of carbon capture technologies can contribute to a strong de-
crease of CO, emissions. Transformation technologies which use biomass can also be
complemented by CO, capturing provided that they are used to produce fuels or hydro-
gen. Among the renewable energy sources, biomass has a special position since its fuel
costs increase with the intensity of use. This complies with a biomass supply curve which,
however, is only defined up to a maximum possible potential. It is assumed that the pro-
duction potentials for biomass will increase until 2050 where the long-term potential of
around 210 EJ is reached. It should be noted that the use of fossil energy sources and
biomass will lead to further emissions (CH4, SO,,, NO,, etc.) that will, however, not be
considered in the model.

Table 2.2 shows the transformation options of primary energy sources into secondary
energy sources. Technologies that are available in the model are shown in the respective
fields. A technology that appears in two fields produces joint products. For reasons of
clarity, Table 2.2 only includes the most important ones. By-production is, among others,
important in the refinery area since it is possible to change the composition of the output.
For this reason, a number of refinery types are considered that produce the outputs in
different proportions. By changing the composition of the refinery park, the output mix
will also be changed. As a result, this will in particular lead to an increased processing of
crude oil into transportation fuels.

The table suggests that there is a relation to energy balance equations. For each pri-
mary energy source it holds true that its consumption corresponds to the sum of the inputs
of all technologies in the column. The balance equations express how these inputs are
split up among the alternative technologies to produce secondary energy sources. Analo-
gously, the production of secondary energy is the sum of all outputs of the technologies in
the respective column. Due to transformation losses, the sum of all produced secondary

energy sources is always smaller than the sum of all consumed primary energy sources.
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All technologies are considered by capacity stocks in the model. The technical trans-
formation coefficients are assumed to be constant. However, the following modifica-
tions apply: the transformation efficiency is improved over time for fossil power genera-
tion technologies and different technology grades are considered when renewable energy
sources are used. The by-production coefficients of the combined power-heat technolo-
gies (CHP) have been region-specifically adjusted to the empirical conditions of the base
year.

The investment costs for each technology are the same in each region with two excep-
tions. Wind turbines (WT) and solar photovoltaics (SPV) are subject to the learning curve
effect. “Learning” technologies are characterised by the fact that their investment costs
decrease by a certain percentage (the learning rate) with each doubling of the cumulated
capacities. The learning curve effect is implemented in such a way that only some part of
the investment costs can be reduced. Another part of costs is fixed (floor costs). Both, the
initial values for the investment costs and the initial cumulated capacity are different be-

tween the regions (see Figure 2.7). The mode of calculation corresponds with Leimbach
and Baumstark (2008, p. 11).

440m B UCA 4200m H UCA
E | JAP W JAP

= B EUR | =" 4000 W EUR
E 420 B RUA E B RUA
) MEA | 5 3800 MEA
3 B CHN| D B CHN
@, L IND | #.3600 - IND
o 400 u B AFR | o - B AFR
@ ROW| @ ROW
g 8 3400
5 380 S 3200
£ £
@ 9 3000
¢ 360 = g
e C
= = 2800 -

4 2

8 GO . 10 .20 . 30 GOC_)O_ .05 1 15 2

Initially installed cumulative capacity [GW] Initially installed cumulative capacity [GW]

(a) Wind turbines (b) Solar photovoltaics

Figure 2.7: Initial conditions for the learning curves differentiated by regions
(Note: the investment costs on the ordinate represent only that part which can be reduced by learning. The
floor costs amount to 1000 $US/kW for SPV and 700 $US/kW for wind)

When transforming secondary energy into final energy carriers, real transformation
options are of lesser interest, but the distribution infrastructure is of particular impor-
tance. Except for hydrogen that can be used for transportation and stationary energy, each

secondary energy source will be transformed into exactly one final energy carrier. Losses
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that occur in the distribution of secondary energy are estimated based on statistical data
differentiated by region.

For each transformation technology, each region starts with a vintage capital stock
which meets the statistically given input-output relations. For the fossil power generation
technologies, we took into account that older generations of power plants have a lower
transformation efficiency and thus higher specific CO, emissions.

It still has to be mentioned here that the model has no exogenous restrictions that pro-
vide maximum growth rates or maximum shares in the energy mix for energy sources or
technologies. Such restrictions of the solution space can quite often be found in energy
system modelling but are not justified from our point of view. Each restriction can be
surmounted by innovation and investment. Furthermore, the model considers that cap-
tured CO- needs to be transported and compressed prior to injection. Storage is assumed
to be in geological formations only. There is leakage in the process of capturing, but no
leakage from sequestered CO,. Space in geological formations is generously measured

for all regions.

2.3 Trade module

The model REMIND-R calculates a pareto-optimal solution that corresponds with a global
planner solution and/or a cooperative solution. With this approach, it is guaranteed that
the necessary emission reductions are carried out cost-efficiently and that all trade in-
teractions are directed at increasing welfare in general and lowering mitigation costs in
particular. The emissions trading is here a significant policy instrument.

The original idea to restrict the modelled trade activities to emission trade failed due
to the fact that some regions (as e.g. Japan and Europe) are not at all able to supply
their existing plants with domestic resources until the end of their technical lifetime. The
import of resources needs to be considered. In order to restrict the scope of regional
interactions, which complicate the processes of computation and result interpretation, the

following trade variables were defined:

e Coal
e Gas
e Oil

e Uranium
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e Goods (aggregated output of the macro-economic system)

e Permits (emission rights)

In order to co-ordinate the export and import decisions of the individual regions,
REMIND-R uses the Negishi approach (cf. Manne and Rutherford, 1994; Leimbach and
Toth, 2003). In this iterative approach, the objective functions of the individual regions
are merged to a global objective function by means of welfare weights. In this global
model, the balance between exports and imports for each kind of goods in each period is
guaranteed by adequate trade balances. The question whether the chosen trade structure is
intertemporally balanced and optimal depends on how the welfare weights are adjusted. A
distinguished pareto-optimal solution, which in the case of missing externalities also cor-
responds to a market solution, can be obtained by adjusting the welfare weights according
to the intertemporal trade balances. The higher the intertemporal trade balance deficit of
aregion, the more the welfare weight needs be lowered to induce exports from this region
to other regions. In the calculation of the intertemporal trade balances, shadow price in-
formation from the model solution of the current iteration is used. The shadow prices of
the market clearing equations and/or trade balances represent the respective prices of the
goods in present values.

The convergence of the Negishi algorithm is guaranteed for convex models. While
REMIND-R comprises non-convexities by modelling learning curve effects, experience
from a multitude of model runs provide evidence that the convergence behaviour is quite
robust.

The trade pattern that will result from model runs is highly impacted by the intertem-
poral trade balance constraint. Each export qualifies the exporting region for a future
import (of the same present value), but implies for the current period a loss of consump-
tion. Trade with emission permits works similarly to goods trade. The emission trade
allows to trade emission rights, which are distributed free of charge in the different policy
regions according to different allocation rules. The revenues from the sale of emission
rights prove completely advantageous for the selling regions in the way that it generates
entitlements for future re-exports of permits or goods. Each unit of CO, emitted by com-
busting fossil fuels needs to be covered by emission certificates.

The representative households in REMIND-R are indifferent regarding domestic and
foreign goods as well as indifferent among foreign goods of different origin. This can
potentially lead to a strong specialisation and, related to the cooperative approach to so-

lution, to rather optimistic results.
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2.4 Climate module

REMIND-R integrates a simple climate model (Petschel-Held et al., 1999) that was al-
ready used for the global MIND model (Edenhofer et al., 2005) - a predecessor of RE-
MIND. For basic model equations as well as for parameter values and initial values see
Kriegler and Bruckner (2004).

The climate module considers the impact of greenhouse gas emissions and sulphate
aerosols on the level of global mean temperature. The emission of sulphates is directly
linked to the combustion of fossil fuels in the energy sector. The radiative forcing of
both the non-CO, greenhouse gases and the CO, emissions from land use change is taken
into account by exogenous scenarios. The former follows the SRES B2-scenario (model
AIM), the latter combines the same scenario type with the additional assumption of frozen
CH, and N,O emissions after 2005. The climate sensitivity - as the most important pa-
rameter of the climate module - is set to 2.8°C.

Within the REMIND-R framework, the climate module is represented as a set of equa-
tions that restrict the welfare optimisation. The climate module allows to design climate
policies based on climate targets. In contrast to policy scenarios that rely on exogenous
global emission constraints, this coupled framework computes the most effective way to
meet a given climate target. The applied climate model yields a comparatively sensitive
reaction of the global mean temperature on emissions. Moreover, the assumption of in-
creasing radiative forcing of non-CO, greenhouse gases implies additional pressure on
CO, emission reduction in the energy sector when trying to achieve ambitious tempera-
ture targets. Consequently, the resulting emission reduction path is quite likely to meet

such targets also in different model settings.



Chapter 3
Reference scenario

We start the presentation of the results of the model runs with REMIND-R with a discus-
sion of the reference development (’business-as-usual”-scenario). In this scenario, it is
assumed that climate change has no economically and socially important effects. Thus, a
further world-wide increase of emissions can be assumed. A large part of the economic
growth is based on the use of fossil energy sources. This reference development shall
serve as a benchmark for scenarios in which climate change is sustainably confronted by

climate policy.

3.1 Macro-economic development

In the reference scenario, the world-wide GDP of about 47 trillion $US ' in 2005 will
increase to 412 trillion $US in 2100. A large part of the GDP growth occurs in China and
ROW. From 2005 to 2050, China increases its GDP tenfold. In the same period, the GDP
of UCA increases by only 150%. Figure 3.1 shows the GDP development from 2005 to
2100 as well as the growth rates of the GDP for each region. China starts with a very high
growth rate of 9.3% which will however decrease to 2.2% until 2100. India and Africa
have the largest growth rates of approximately 3.6% and 2.9% at the end of the century,
whereas the regions UCA and EUR have a growth rate of 1.2%.

The GDP of all regions is growing faster than its population. On world-wide average,
the GDP per capita will increase between 2005 and 2100 from 7200 $US to approx. 41000
$US. The development of the GDP per capita is however quite different in the individual
regions (see Figure 3.2). The per capita GDP in China and India will grow more rapidly

than in other regions. The relative gap between poor and rich regions is progressively

I'Throughout this report, all relevant economic figures (e.g. GDP) are measured in constant international
$US 2003 (market exchange rate).
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becoming shorter, since regions with highest GDP per capita have lowest growth rates
(see Figure 3.1(b)). Nevertheless, significant differences in the per capita income still
exist in 2100.
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Figure 3.2: GDP per capita

Figure 3.3 shows the consumption and investment development (without investments
in energy technologies) from 2005 to 2100. The most substantial increase in consumption
takes place in the regions UCA, EUR, ROW and China. High growth rates in consumption
can mostly be found in India and Africa. Europe and Japan slightly drop behind UCA.
This is due to the initially lower growth rates in labour productivity. China’s, ROW’s
and India’s investments are growing even stronger than GDP and consumption. This is a
characteristic pattern for regions which are in an economic catching-up process. UCA’s

investments do not increase so fast.
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Figure 3.3: Consumption and investment development

3.2 Trade

Trade (Figure 3.4 and 3.5) is presented on the basis of present values, i.e. the value of
future trade amounts is subject to discounting. Despite of an increasing physical trade
volume, the current account deficits/surpluses are decreasing as a rule. Net exports are
shown. Negative values represent an excess of imports. The regions are characterised by
different trade patterns. The trade pattern of the industrial regions UCA, Japan and EUR
is mostly characterised by the dominance of goods trade. This is also true for China and
India, however with a reverse sign. Whereas the industrial countries initially produce an
excess of exports, the developing regions are main importers first. A large part of it might
be imports of investment goods which secure a long-term growth for these regions. A
third trade pattern can be observed in the regions Russia and MEA that are rich in natural
resources. Here, energy trade has a large share in the entire trade. Russia exports mostly
gas and MEA oil. These resource exports enable long-term imports of goods. The trade
structure of Africa and ROW is similar to the trade structure of India and China, but with
a higher share of resources trade in total trade. As measured by the entire trade volume,
large regions like EUR, UCA and China dominate.
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3.3 Technology development and energy production

The development of the energy system is presented in the following. We will first present
the development on the global level as the sum of results in the regions and then turn to
the characteristica in the regions. Figure 3.6 shows the primary and secondary energy
consumption for the 21st century, differentiated by the energy sources?. The primary en-
ergy consumption is increasing continuously in the next hundred years with a weakening
annual increase. This is due to the population scenario, the decreasing growth of demand
in the developed countries and the increasing cost of fossil energy sources. The primary
energy consumption will increase from almost 470 EJ in 2005 to more than 1400 EJ in
2100.
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Figure 3.6: Global consumption of primary energy and production of secondary energy

in the reference scenario

The primary energy mix remains mostly based on fossil energy sources. Whereas
the use of oil and gas remains nearly constant, the use of coal is strongly increasing
(particularly until 2030). Coal is here particularly used to produce electricity and replaces
the conversion of gas and nuclear energy into electricity. The economic attractiveness of
coal is due to its lower costs, the flexible trade and the assumption that the use of coal is
not subject to any regulations. There, however, will be a price increase for coal around the
middle of the century that makes the use of renewable energy sources competitive. Hydro
energy and especially wind energy but also geothermal energy sources will increasingly

be used. The use of biomass will also increase after 2030, which is due to its increasing

’The primary energy consumption of the renewable energy sources wind, solar and hydro energy is put

on the same level as the related secondary energy production.
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availability. Solar energy sources are not employed in the reference scenario; nuclear
energy will be used as a considerable supplement for coal at the end of the century.
Figure 3.6(b) shows which secondary energy sources are produced. The secondary
energy production will increase to around 900 EJ in 2100; the share of electricity will in
particular increase from roughly 19% to 44%. In contrast, the use of the low-value energy
sources solids and other liquids will decrease from together 42% at the beginning of the
century to less than 5% at the end of the century. The use of gas will moderately increase
in the mix from 18% to almost 24%, which is also true for the fuel production that will
increase from 14.5% to 19%. Heat production will remain almost constant, its share will

however decrease to 2.5%. Hydrogen has a share of 7.7% at the end of the century.
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Figures 3.7 and 3.8 show the primary energy consumptions in the individual regions.
A flattening trend in the developed regions (UCA, Japan and EUR) after 2020/2030 can be
noticed and an even absolute decrease can be observed in Japan. The other regions show
a steady growth, the absolute increase will drop in Russia and ROW and rise in India and
Africa. The use of coal will increase in most of the regions in the near to mid-term, with
the exception of Africa. This is also true for Russia and MEA, although there are great
deposits of oil and gas. This is due to the fact that the conversion of coal into electricity
is more favourable than other alternatives. The special case of Russia is quite noticeable,
since biomass is used here on the large scale and is partially converted converted into
gas. At the same time, Russia exports gas from geologic production without consuming it
domestically. Biomass is therefore indirectly used for trading reasons, since the produced
biogas itself cannot be traded. Transportation fuels can also not be traded within the
framework of the model. Russia uses part of the biomass to produce fuels for domestic
use.

The shares of the regions in the secondary energy production are shown in Figure
3.9. The developed regions (UCA, Japan and EUR) produce today 47.4% of the total
secondary energy, while the developing regions (Africa, India, China and ROW) produce
around 39%. At the end of the century, the conditions are twisted right around. The share
of the developed regions will decrease to 25%, the developing regions will reach 55%
then.

We now take a look at the development of the power generation in Figure 3.9(b), since
it is one of the fastest-growing secondary energy sources. In the case of power genera-
tion, the above drawn picture is even more pronounced. At the beginning, the developed
regions produce 56.5% of the total electricity, while the developing countries contribute
only 31%. By the end of the century, the share of the currently already developed coun-
tries decreases to 22.5% and the share of the developing regions increases to 62%.

The question arises now which technologies can be used to convert primary energy
sources into secondary energy sources. We take a closer look at the power generation
mix. Power generation will increase almost linearly by approximately 3.6 EJ per year to
around 400 EJ at the end of the century, it is sixfold higher compared to the base year (see
Figure 3.10). The conversion of coal into electricity is the most favourable technology
until 2030 (conventional power plants and those with power-heat coupling will still be
built in the 21st century). It will replace all other technologies until then except for hydro
energy. Apart from coal, wind and hydro energy will be used supplementary after 2030
to cover the growing need for electricity, after 2050 nuclear energy will also be used.

The share of coal in the electricity mix reflects how strong existing technologies will
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Figure 3.9: Regional differentiation of secondary energy production and power generation
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Figure 3.10: Global power generation in the reference scenario

first be replaced and how large the potential of renewable technologies is to replace coal in

a climate policy scenario. The share of electricity produced with coal first also increases in

all those regions which use gas (Russia and MEA) or nuclear energy (Japan and Europe)

to produce electricity. In the second half of the century, the share of coal will decrease in

all regions the dimension of which is however quite different. Especially Russia, Africa

and UCA have great potentials in the areas hydro energy and wind energy, while these

potentials are distinctly less or not at all used in China, India, Europe and Japan. The

development in the production mix is due to the fact that the regions react differently on a

scarcity of coal according to their potentials for renewable energy sources and/or nuclear

technologies.

The secondary energy sources fuels and gases shall be examined in more detail next.



CHAPTER 3. REFERENCE SCENARIO 37

As mentioned in Table 2.2, both can be produced with biomass so that renewable source of
energy is available for both energy sources. Figure 3.11 shows the respective production
mixes. The use of oil is dominating in the production of fuels. The share of biomass
will be growing as of 2050. While the production of oil remains static at roughly 115 EJ
per year, biomass reaches a share of approximately 24% (40 EJ) in 2100. The share of
biomass also increases in gas production (approx. 50 EJ in 2100). As of 2015, coal will
also be converted into gas. A look at the regional distribution shows that mainly Russia,
Africa, UCA and ROW convert biomass into gas and all regions, except UCA, JAP and
MEA, convert biomass into fuels.
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Figure 3.11: Generation mix for transportation fuels and gases in the reference scenario

Why do we use biomass? Biomass is today mostly used in developing countries in
the form of solids. Figure 3.12 shows that this manner of use gains importance until 2030
but will almost completely run out by the end of the century. The rise at the beginning
of the century mostly originates from developing regions. New scopes for the conversion
into higher-value energy sources are given by discontinuing the use of solids — especially
by switching to fuels and gases. The conversion into electricity, however, does not play a
role. It should be noted that even in the reference scenario, the potential of biomass use
will almost completely be exploited by the end of the century. A similar development can
be noticed for the use of oil. The conversion of oil into fuels increases although the total
consumption is almost stagnant. This increase is possible, since oil is less converted into
other energy sources and does not play a role for the conversion into electricity anymore.
The change of the refinery structure is at the same time economically justified, since the
use of oil for transportation purposes is more profitable and the other liquids can simply
be substituted.



CHAPTER 3. REFERENCE SCENARIO 38

250

[Electricity [IElectricity
=, Il Fuels

= Bl Gases Il Oth. Liqu.

w200 [ Heat _

»n Il Fuels B 150

% Il Solids =

§ 150 S

S S)

— c

o K]

§'° g

© b=

2 5

5 50

0 0
2020 2040 2060 2080 2100 2020 2040 2060 2080 2100
Year Year
(a) Biomass (b) Oil

Figure 3.12: Use of biomass and oil in the reference scenario

The results of the reference scenario comply with the thesis that societies with an in-
creasing economic state of development and a continued scarcity of resources increase the
production of higher-value energy sources and change to more capital-intensive produc-
tion methods, especially in power production. The model shows a number of flexibilities
in the conversion of energy so that it is possible to encounter upcoming scarcities by a

cost-effective and adjusted technology and investment choice.
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3.4 Emissions

From the analysis so far it inevitably results that there will be an increase of emissions.
This is mostly due to the conversion of coal into electricity. Figure 3.13 shows the CO,
emissions differentiated according to the use of primary energy sources and the production
of secondary energy sources. The temporary lower increase after 2050 mainly results
from the increased use of wind, hydro energy and nuclear energy for power generation
and biomass for the production of fuels and gases. The noticeably high share of emissions

from the production of hydrogen results from the use of coal as basic resource.
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Figure 3.13: CO, emissions in the reference scenario differentiated by the use of primary

energy sources and secondary energy production

The world-wide emissions amount to approximately 76 Gt CO, (21 GtC) in 2100 (see
Figure 3.14). The increase of emissions is quite high in the early decades - with a doubling
of the emissions between 2005 and 2025. The temporary decrease of the emissions around
2060 is followed by another increase.

There still remain large differences in the per capita emissions (Figure 3.15). While
the industrial countries increase their per capita emissions until 2025 and keep them on
a high level (18-32 tCO, per year) thereafter, they rise to approx. 7-11 tCO in China,
India and MEA. The per capita emissions rise to more than 35 tCO until the middle of
the century in Russia and stay above 25 tCO, until the end of the century. Africa remains
on a consistently low level with less than 3 tCO, per capita.

Figure 3.16 illustrates the emission development in the four largest regions EUR,
UCA, China and India. While the emissions reach their maximum around 2040 in EUR

and UCA, emissions are continuously increasing in India and China. The increase will
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Figure 3.14: World-wide emissions in the reference scenario
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Figure 3.15: Regional per capita emissions in the reference scenario

be interrupted in China in the second half of the century when oil consumption declines.
Coal is the main energy source in all regions which causes an increase of the emissions.
But also the distinct reduction of the emissions around 2060 is linked to the use of coal
(especially to the sharp decline in UCA). The interim reduction of the use of coal is ac-
companied with a temporary increase in the use of nuclear energy (cf. Figure 3.6(a)). In
2100 again, approx. 75% of the emissions in the energy sector originate from the com-
bustion of coal (cf. Figure 3.13(a)). A share of approx. 15% and 10% is allocated to oil
and gas, respectively.

While coal is used in all regions, mainly in China, UCA, MEA and EUR, consider-
able amounts of CO, are also released by using oil and gas resources (see Figure 3.17),
the latter to an increasing degree in MEA and India. Primarily in Europe, the share of

emissions from the use of imported resources is quite high.
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3.5 Comparison to WEO and SRES scenarios

We compare central figures of the reference scenario with corresponding numbers of the
World Energy Outlook (WEO) and the IPCC SRES scenarios (IPCC, 2000), both on a
global level. Projections of the International Energy Agency (IEA) in the WEO apply to
the short term (until 2030), while we use the SRES scenarios to compare the long-term
development.

With respect to the GDP development, our reference scenario assumes a growth rate
until 2030 of around 3.5% per year until 2015 and 2.6% between 2015 and 2030, while
the WEO is more optimistic by assuming 4.2% and 3.3%, respectively. Nevertheless, the
reference scenario is not at all a low growth scenario. With respect to the GDP per capita
figures, it is quite in the middle of the SRES scenarios (see Figure 3.18). Population
numbers are nearly the same between the reference scenario and the WEO projections. In
2030, there is a difference of only 2.5% in the absolute numbers.

With respect to the short-term development of energy consumption, Table 3.1 summa-
rizes WEO projections and results of the REMIND-R reference scenario. Total primary
energy consumption grows faster within REMIND. The WEO projects a primary energy
consumption of around 601 EJ for 2015 and 742 EJ in 2030, while in REMIND the respec-
tive figures are 645 EJ and 814 EJ. Nevertheless, the total figures are in a reasonable range
(deviation of less than 10%). The difference is significantly higher with single energy car-
riers. This applies in particular to natural gas, coal and uranium. REMIND simulates an
increase of coal use from 2005 until 2030 of almost 300%, whereas the WEO projects
an increase of less than 80%. This reflects to a certain degree the property of REMIND
as an optimization model which under the absence of climate policy impacts and institu-
tional barriers favours the use of the cheapest energy carrier - which is coal. The surplus
in coal consumption outweighs the minus in the use of gas and uranium. Consequently,
REMIND yields also a larger production of electricity.

Under the long-term perspective, we compare GDP per capita, primary and secondary
energy production and emissions of the reference case with the four SRES scenarios gen-
erated with MiniCAM.

The reference scenario is for all four indicators always between the lowest and the
highest value found in the SRES scenarios. We did, however, not aim at reproducing one
of the SRES scenarios in particular. The GDP per capita reaches 41000 $US per capita
in 2100 and is therefore close to the B1 scenario. The emissions reach 76 Gt CO5 (20.8
GtC) which is similar to the Al scenario. Energy production — primary and secondary — is

most similar to the B2 scenario. The higher difference between primary and secondary
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Table 3.1: Energy consumyj

BAU | REMIND

Oil Gas | Coal | Uran. | Hydro | Biomass | total | Electr.
2005 172 93 | 104 31 11 56 468 61
2015 184 95 | 269 28 10 56 645 | 105
2030 188 84 | 410 13 14 65 815 | 155
BAU | WEO

Oil Gas | Coal | Uran. | Hydro | Bio+Waste | total | Electr.
2005 167 99 | 121 30 11 48 478 66
2015 198 127 | 167 34 14 56 601 92
2030 234 165 | 209 36 17 68 742 | 127

energy production is related to the higher conversion losses in REMIND.

44

ption in EJ (WEO projections and REMIND reference scenario)
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Chapter 4

Model analysis of climate policy regimes

4.1 Description of the policy regimes

The target of international climate policy formulated in the Framework Convention on
Climate Change is to stabilise greenhouse gas concentrations on a level which avoids
dangerous climate change. Numerous model studies interpret such a stabilisation level
as a doubling of the pre-industrial CO- level - approx. 550 ppm. Climate impact studies
(e.g. Hare and Meinshausen, 2004) show that the risks for irreversible climate damages
is quite high when increasing the global mean temperature by more than 2°C compared
to the pre-industrial level. Following the precautionary principle, the EU Council of Min-
isters decided to avoid a warming by more than 2°C. This climate target, however, is
incompatible with a stabilisation level of 550 ppm. Concentrations below 450 ppm have
to be reached.

The following analyses are based on the 2°C target. Within each policy scenario, a
global emission path has to be determined which meets the 2°C target. However, within
REMIND-R, the energy-related CO, emissions are under the control of the decision-
maker only. Exogenous scenarios are applied for the development of other anthropogenic
greenhouse gas emissions (e.g. CO, emissions from land use change). In the current
model setting (cf. section 2.4), drastic emission reductions have to be provided by the
energy sector. Global energy-related CO, emissions need to be reduced by 50% until
2035. The atmospheric CO, concentration reaches its maximum at around 415 ppm in
2030.

In the analysis of how and at which costs such a reduction path can be achieved,
we investigate three different designs of an international cap & trade system. In such a
system, emission rights according to their reduction obligations will be allocated to the

individual regions and can be traded as of 2010. The endogenously determined global

46



CHAPTER 4. MODEL ANALYSIS OF CLIMATE POLICY REGIMES 47

emission reduction path represents the world-wide available amount of emission rights.
The regional allocation follows the suggestions for a post-Kyoto climate regime below
(cf. Hohne et al., 2003):

e Contraction & Convergence
e Intensity target

e Multi-stage approach

Contraction and convergence (policy scenario A)
As of 2050, the same per capita emission rights are allocated in this scenario. By de-
termining these allocations between 2010 and 2050, there is a smooth transition of the
regional shares between grandfathering and same per capita emissions. 2000 is assumed

to become the reference year for grandfathering.

Intensity target (policy scenario B)
In this policy scenario, the shares of the regions on the globally available emission rights
correspond to their shares in the world-wide gross product, i.e. each region receives the
same emission rights per unit gross domestic product (GDP). In this policy scenario, the
industrial countries are apparently provided with more emission rights than in the other

two policy scenarios.

Multi-stage approach (policy scenarios C and D)
We selected a form of multi-stage approach in which the quantitative reduction obliga-
tions of the individual regions depend upon their per capita incomes. The following four

stages can be distinguished:

1%t stage:  up to 2,000 $US per capita and year
2nd stage: up to 4,000 $US per capita and year
374 stage: up to 8,000 $US per capita and year
4t stage:  more than 8,000 $US per capita and year

Regions of the first stage are practically not obliged to any reductions. They can, how-
ever, participate in the emission trade and will be provided with certificates to the amount
of their reference emissions (which are calculated in the reference scenario). Regions
of the second stage will be provided with emission rights to the amount of 0.55 Gt CO,
(0.15 GtC) per 1 trillion $US gross national product (GDP). Since a growth of the GDP
can be expected as a rule, this stage comprehends an increase of emission rights for the

respective regions. Regions of the third stage are obliged to stabilise their emissions, i.e.
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the certificate amount last allocated in stage 2 is frozen on its level. Regions of the fourth
stage have to significantly contribute to the emissions reduction. The share of global emis-
sion rights for these regions arises from deducting from total the number of certificates
used for the regions of stage 1 to 3. The internal allocation between the regions of stage 4
follows again the above-described contraction and convergence approach.

In the base year, the industrial countries UCA, EUR and Japan are in stage 4. They are
presumably quite promptly followed by Russia and China, while China is initially only in
stage 2. MEA is initially also in stage 2, ROW is in stage 3, and India and Africa are in
stage 1.

As an additional variant of the multi-stage approach, we formulated scenario D in
which only those regions participate in the emission trade which are either in stage 2, stage
3 or in stage 4. Nevertheless, the regions in stage 1 keep the cap that corresponds with the
above distribution key. In the presentation of the model results in the following Chapter,
policy scenario A will be especially analysed in full detail. In the analysis of the other
policy scenarios, we renounce in many cases to repeatedly present similar development

patterns.

4.2 Model results

4.2.1 Policy scenario A: Contraction & Convergence
Macro-economic development and mitigation costs

Each scenario that tries to avoid an average global warming by more than 2°C by means of
CO; emission reductions implies economic consequences for all regions. The mitigation
costs are confronted with negative costs (i.e. benefits) incurred by avoiding climate dam-
ages. The latter are however not considered here, since the main target is the comparison
of policy scenarios that follow the same climate stabilisation target. Similar damage costs
and/or avoided damage costs between all policy scenarios can thus be assumed.
Depending on how the cap & trade system is implemented, the mitigation costs of
each region can be quite different. As a measurement for the losses that a policy sce-
nario implies for a region, we examine the consumption difference between reference and
policy scenario. Figure 4.1(a) shows the change in consumption in percent from 2005 to
2100 for each region. Figure 4.1(b) shows the regional values averaged over the entire
time horizon. Positive values mean less consumption and thus less welfare in the policy
scenario. In policy scenario A, the average global mitigation costs are at 1.5%, at maxi-

mum approx. 2.5% with higher mitigation costs arising in the second half of the century.
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The regional costs are widespread around these global values. MEA needs to deal with
the highest costs - nearly 10% on average. Russia and India are also above the world-wide
average. At the same time, some regions like Africa and ROW benefit in policy scenario

A. Africa benefits most with an average gain of almost 5.2%.
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(a) Consumption losses (b) Average consumption losses

Figure 4.1: Mitigation costs in policy scenario A

The considerable losses of MEA and Russia are mainly due to the worsened terms-
of-trade (see next section). India is, over the whole century, the fastest-growing region
in terms of energy consumption. In the reference scenario, most of this is delivered by
fossil fuels. The long transition period towards an equal per capita allocation of permits
does not favour India. Selling permits, in order to afford the import of capital in the
initial periods, demands for changing the low-cost energy production based on fossil fuels
from the reference scenario. India faces higher costs than China because it is provided
effectively with less permits. Moreover, as of 2050, when emission rights are equally
allocated per capita, the absolute volume of allocated permits is reduced drastically. On
the winner side, Africa gains from emissions trading. As Africa’s growth is delayed, it
can sell permits without drastic restrictions for the energy production.

Figure 4.2(a) shows the GDP difference to the reference scenario for each region. The
world-wide average will decrease to approx. -2.8% until 2100, while the average over
time is around -1.5%. The regions MEA and India decrease their GDP stronger than the
world average, while the values for Japan, Africa and ROW are distinctly above the global
value. In 2020, GDP losses amount to 0.7% and 0.5% in UCA and EUR, 5.8% and 2.8% in
Russia and MEA, and to 1.3% and 2.6% in China and India. Russia changes its behaviour

during the century: until 2070 it decreases its GDP more and afterwards less than the



CHAPTER 4. MODEL ANALYSIS OF CLIMATE POLICY REGIMES 50

world-wide average. Figure 4.2(b) shows the difference to the reference scenario regard-
ing investments into the overall economy (without energy system investments). Again,
the regions India and MEA show the largest differences, they invest notably less in the
policy scenario than in the reference scenario. The other regions change their investment
intensity considerably less. Russia shows less investments until 2050 and afterwards more
investments in the policy scenario compared to the reference scenario. The pattern from
the GDP differences is reproduced. While in the second half of the century, above all,
Africa and ROW increases their GDP and/or their investments as against the reference
scenario, no region gains in all periods. The GDP growth rates differ only marginally

from the respective growth rates in the reference scenario (cf. Figure 3.1).
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Figure 4.2: Macro-economic development in policy scenario A compared to the reference

scenario

Trade

The overall trade structure also changes only marginally compared to the reference de-
velopment (cf. Figure 4.3-4.4 with Figure 3.4-3.5) in most regions. However, even with
a robust trade pattern, changes in the terms of trade are likely to impact mitigation costs.
In the resource-exporting regions MEA and Russia, the gains from trade lower due to
decreasing resource prices. The oil price, for example, is reduced to almost 50% in the
long run (see Figure 4.5) compared to the reference scenario. The decrease is somewhat
less for gas and somewhat more for coal. Even with only a small reduction of the trade
volume, this price difference has to be compensated by less imports of goods. This limits

consumption and increases mitigation costs.
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Figure 4.3: Net export in policy scenario A; part I

Another source of significant changes is the activation of emission trade. The indus-
trial countries use the options of emission trade and buy permits in considerable amounts,
this import however is on a value basis hardly visible in the trade balance. The basis for
the current accounts, shown in Figure 4.3-4.4, is the present value price of permits which
is in a range between 10 $US/tCO, and 25 $US/tCO,. The nominal values, however,
rise quite impressively to a level of around 150 $US/tCO; (i.e. more than 500 $US/tC)
in 2050 - see Figure 4.6 - and even more than 1500 $US/tCO, in 2100. This indicates
a very restrictive carbon constraint. The macro-economic effect of emissions trading is
slightly higher for the big sellers of emission rights - ROW and above all Africa. In re-
turn to the sale of permits, the import of goods is expanded in these regions. In addition,

Africa produces significant export revenues from the trade of uranium. In contrast to the
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Figure 4.4: Net export in policy scenario A; part II
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prices of fossil fuels, the price of uranium increases in the policy scenario compared to

the reference scenario (by more than 200% even in the short run).
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Figure 4.5: Oil price index in the reference and policy scenario A (2005=1)
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Figure 4.6: Permit price index in policy scenario A

In Figure 4.7-4.10, the resource trade (in physical units) of the policy scenario is com-
pared with that of the reference scenario. The trade with oil decreases. Likewise, the
trade of coal will first be reduced. As of 2050, CCS technology will however be applied,
which will stimulate the use and the international trade of coal. The trade in coal increases
monotonically between 2050 an 2100. Due to the better CO4 balance, compared to the
other fossil energy sources, the downturn in the trade of gas is significantly smaller than

the trade of coal and oil. There will even be an increase in the middle of the century.

For the trade of resources, shifts in the regional shares can mainly be found in the
coal and gas market. MEA’s and India’s shares in coal import increase in the reference

scenario, but disappear in the policy scenario. China expands its import share and EUR
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Figure 4.7: Trade of oil differentiated by regions
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Figure 4.8: Trade of coal differentiated by regions

becomes an additional exporter of coal (to the account of UCA’s export shares). In the
gas market, Russia loses export shares in the policy scenario compared to the reference
scenario. While India is the major importer of gas in the reference scenario, it does not
play this role in the policy scenario and also Europe’s shares in gas import decrease.
In return, the imports of China are dominating. The oil market is characterized by the
dominance of MEA as exporter and UCA, EUR and China as importers. The trade of
uranium is intensified within the policy scenario, in particular in the short run and mid
run. China represents the major importer in this period, but also EUR and India increase
their import volumes. The export share of Africa is relatively high.

The trade of emissions as presented in Figure 4.11 divides the big sellers (ROW, India,
China and Africa) and the big buyers (EUR, UCA and MEA). Initially, permit trading
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Figure 4.9: Trade of gas differentiated by regions
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is concentrated on China, ROW, EUR and UCA. The entire trade volume increases to
more than 5 Gt CO, until 2040 and decreases then to approx. 0.5 Gt COy until 2100.

Figure 4.12 shows which part emission trade is playing in the individual regions. As of

2030, the developing regions will sell more than 50% of the emissions rights allocated

to them. This share will in fact rise up to 100% in Africa, later also in India and Russia.

The industrialised countries will increasingly cover their emissions by buying additional

emission rights. Already in 2030, in all industrialised countries more than half of the

emissions will be covered by buying additional permits (in UCA even more than 75%).

In the second half of the century, this share will even further increase, the world-wide

available amount of emission rights, however, will decrease to a level of less than 2 Gt

COs, and thus the entire trade volume will also decrease.
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Technology development and energy production

Drastic changes in the energy system are induced by climate policy. This can be seen in
many different ways in all areas. The fundamental changes can be summarised in five

options for action:

1. Reduction of the entire energy consumption.

2. Immediate expansion of renewable energy technologies for the production of high-

value energy carriers; expansion of nuclear energy.

3. Application of CO, capturing and sequestration (CCS) for the conversion of gas

and coal into electricity as well as biomass into hydrogen.

4. Reducing the production of fuels and gases, since technical avoidance options are

less efficient here.

5. Reducing the production of low-value energy sources solids and other liquids so
that more oil and biomass is available for the production of higher-value energy

sources.

In order to concretise these rough options for action, the energy system will be investi-
gated more precisely in the following. The results are mainly discussed in comparison
with the developments in the reference scenario. We start again with the global consump-

tion of primary and secondary energy sources (see Figure 4.13 and cf. Figure 3.6).
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Figure 4.13: Global consumption of primary energy and production of secondary energy

in the policy scenario A

The entire consumption of primary and the production of secondary energy will be

reduced. The primary energy consumption reaches now approx. 1250 EJ at the end of
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the century, whereas 1430 EJ were reached in the reference scenario. In the short run,
primary energy consumption is increasing less first and accelerates its growth then again;
this was vice versa in the reference scenario. An output of only roughly 770 EJ will be
reached in secondary energy production in 2100, while roughly 910 EJ are produced in the
reference scenario. This drastic reduction is due to the composition of primary energy and
the balancing according to the direct method of consumption. The most obvious change
in the primary energy mix (compared to the reference scenario) is the strong restriction
in the use of fossil energy sources and the stronger and earlier expansion in the use of
renewable energy sources and nuclear energy. As of 2040, solar energy will also play
a role now. Solids and other liquids will already earlier be taken out of the system in
secondary energy production. Gas, heat and fuels will be produced to a minor degree.
The production of hydrogen and electricity, however, will even increase compared to the
reference scenario. Similar results for electricity can be found in Weyant (2004, p. 514).

In a next step, the primary energy consumptions in the regions, shown in Figure 4.14
and 4.15, shall be analysed. The short-term increase in primary energy consumption is
now lower in the developed regions (UCA, Japan and Europe). This is in contrast to an
increased use of the renewable energy that can be noticed in UCA, especially regarding
biomass and wind energy; the share of nuclear energy is also increasing. As of 2040, the
conversion of gas into electricity and, as of 2050, the conversion of coal into electricity
with COs capturing will be used in UCA. Japan may rely mainly on nuclear and Europe
will switch from nuclear to renewables in the second half of the century. This future
development will lead to a temporary increase in the consumption of primary energy. The
three regions have still in common that the decrease in the consumption of oil and natural
gas can partially be compensated by the use of biomass. This is especially obvious in
UCA, since a long-term biomass potential of 27 EJ was assumed here; in Europe, this
figure amounts to only 10 EJ and to only 1.5 EJ in Japan. Solar energy is used in Europe
as of 2065.

The consumption of primary energy will increase in the next decades in all other re-
gions. There are especially great differences between China and India on the one side and
Russia, Africa, ROW and MEA on the other side. Russia, Africa, ROW and MEA have
high potentials in renewable energy sources that they are going to exploit to a high degree.
MEA will employ its huge potential of solar. Russia has high potentials in biomass which
actually allows them to discontinue the use of gas and to export it instead. Coal is also
hardly used in Russia but is exported. In Russia and Africa, part of the biomass is even
used to produce hydrogen. For both regions (as well as for all other regions), it is possible

to produce fuels and gases with biomass, however it is not possible to export them. This is
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Figure 4.14: Regional primary energy consumption in policy scenario A; part I

due to the fact that the current version of the model does not allow to trade any secondary
energy carrier. The potentials of renewable energy sources in Russia, Africa and ROW
are so high that the use of nuclear primary energy sources is not necessary.

India and China, however, have considerably less potentials in the area of renewable
energy sources so that another strategy is effective here. The use of nuclear energy will
first be expanded in both countries. Like in the developed countries, CO, capturing in
coal-fired power plants will be used as of 2050 in China. CO, capturing will in addition
be used in gas-fired power plants however already as of 2040. The necessary gas and
coal will be imported. Only at the end of the century, wind energy and solar energy will
considerably be used in China and India.

Power generation (see Figure 4.16) shall now be analysed in more detail. Compared

to the reference scenario, it can be observed that electricity generation is even higher in
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Figure 4.15: Regional primary energy consumption in policy scenario A; part 11

2100. It will reach 480 EJ. The secondary energy mix, however, does not include the
entire amount of generated electricity, since a small part of it is now used to produce

hydrogen; see below.
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Figure 4.16: Global electricity production in policy scenario A
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Expectedly, the use of wind, solar energy and water power is especially noticeable

in the power generation mix. The earlier expanse of these alternatives is especially re-

markable. This also applies for nuclear energy. By the end of the 21st century, the share

of renewable energy sources will be 56%. In the area of fossil energy sources, it can be

observed that gas is slightly used for power generation; the emission restriction, however,

demands CO, capturing. Coal will even on the long-term not be excluded from the elec-

tricity mix. It is burnt in power plants according to the so-called oxyfuel method. This

technology actually provides the most thorough capture technology, since only roughly

one percent of the produced CO, will be released into the atmosphere. Alternative ap-

proaches that capture CO- in coal-fired power plants will not be used, since the remaining

emissions of approximately 10% are too high.
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Figure 4.17: Generation mix for transportation fuels and gases in policy scenario A
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The generation mixes for fuels and gas will be investigated next (see Figure 4.17).
The use of both is essentially reduced compared to the reference scenario, but the use of
the fossil resources without any capture and sequestration remains high. The long-term
restriction of fuel and gas production can only partially be held up by the partial switch
to biomass. Here, emphasis should again be put on the fact that gas is now also used for
power generation with COs being captured. This opportunity cannot be provided for oil,
since there are no CO capture technologies for oil-based transportation fuels, and oil it

is not going to be used in efficient combined cycle power plants.
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Figure 4.18: Global production of hydrogen in policy scenario A

We now take a look at the generation of hydrogen in Figure 4.18. Various opportuni-
ties to generate hydrogen are employed. Biomass is preferred in Russia, Europe, ROW,
China and UCA, while in all other regions biomass, coal and later gas is used. These tech-
nologies will be supplemented by electrolysis in MEA. The extension of the capacities to
generate hydrogen from biomass, gas and coal is exclusively done with CO, capturing.

Next, the use of biomass and oil is shown in Figure 4.19. Compared to the reference
scenario (cf. Figure 3.12), biomass is more strongly used and the entire potential available
will be exploited as of 2040. The conversion into solids will less strongly be practised,
since biomass can be converted into a large number of other secondary energy sources
the use of which is more valuable. Biomass is further processed into fuels, heat, gases
and hydrogen but will not be used to be converted into electricity since there are other
opportunities - as discussed above - for this kind of usage. The use of oil will be drasti-
cally restricted, especially the conversion into other liquids will be limited. This loss will
partially be compensated by the conversion of biomass into fuels. Alternatively, on the
basis of the macro-economic production function, fuels can be substituted by hydrogen

and other liquids by gases. Despite these opportunities for cushioning, the reduction of
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Figure 4.19: Use of biomass and oil in policy scenario A

oil consumption is a severe restriction that is caused by the technological impossibility to
cost-effectively capture CO, at the means of transportation.

It is to be summarised that the energy production, compared to the reference scenario,
is much lower and that the structure will be modernised in a speedy manner. The low-
value energy sources quickly lose their shares, while power generation will maintain its
absolute share and hydrogen is gaining importance. On the part of the generation of
individual secondary energy sources, the changes are quite obvious. The electricity sector,
in particular, offers several opportunities to avoid CO, emissions. The avoidance options
in the electricity sector will be used in temporally and regionally different ways. Thus,
Russia can completely abandon nuclear energy and large parts of fossil energy sources.
The other regions draw on renewable energy sources, fossil combustion technologies with
CO, capturing and nuclear energy. Besides the electricity sector, CO, capturing plays part
in producing hydrogen. In the electricity sector, this alternative is only adopted for coal
and gas and not for biomass.

For the production of the other secondary energy sources, less technical opportunities
are available to reduce CO, emissions. Therefore, they are first economised where they
can most likely be abandoned. If this is not possible, the scarce biomass will be used.
This primary energy source would vanish from its traditional role as supplier of solids and
would become a supplier for gases and fuels. Biomass - in contrast to the other renewable
sources - has many uses, but will not be used for power generation. The model is limited
here, since neither biomass nor the produced secondary energy carriers can be traded.

Possible differences in the price of fuels between the regions cannot be compensated.
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Emissions

Emissions follow a completely contrary course compared to the reference scenario. Fig-
ure 4.20 shows emissions on the positive side and CO, capturing on the negative side.
It can quickly be seen that the share of oil in the entire remaining emissions is highest.
Total emissions from fossil fuels stay above 10 Gt CO- until the end of the century. Most
of these emissions are neutralized by CCS technologies in combination with the use of
biomass (green area in Figure 4.20(a)). The emissions are most rapidly decreasing for
electricity (see Figure 4.20(b)), but in this area a lot of CO4 capturing is done, especially

when using coal. In this scenario, more than 40 Gt CO, would be captured in 2100.
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Figure 4.20: CO, emissions in policy scenario A differentiated by the use of primary

energy sources (left) and secondary energy production (right)

Figure 4.21 shows the permit allocation and the actual emissions development. The
pursued stabilisation scenario requires a fast and drastic decrease of emissions of all re-
gions. Reductions are most drastic between 2025 and 2050. Global emissions have to be
reduced in 2050 by almost 73% and 78% related to the year 1990 and 2005, respectively.
The permit share of the developing world regions and ROW increases drastically. In the
case of a missing emissions trading market, the industrialised world regions would need
to decrease their per capita emissions to around 5% of today’s level by 2050, MEA, China
and ROW to 20-25%. India and Africa could still increase their per capita emissions. For
both regions it is however obviously more favourable not to increase their own emissions
and to sell the allocated emission rights profitably. Taking emission trade into consider-
ation, the reductions are lower in the industrialised countries. Figure 4.22 shows that the

respective per capita emissions would need to be reduced by approx. 20-35% in 2025 and
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Figure 4.22: Per capita emissions in policy scenario A

by approx. 70-80% in 2050. Moreover, all regions need to reach per capita emissions of
less than 4.5 tCO- per year in 2050, in 2100 even less than 0.7 tCO.

In order to cover the energy demand in the long term despite emission restrictions,
CCS-technologies are increasingly used in many regions, especially in China and UCA.
In Figure 4.23 it becomes clear again that CCS-technology is mainly applied for the use
of coal but also for the use of gas (areas in the negative range show again the emission
amount which is avoided by using CCS-technology).
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Figure 4.23: CO, emissions from combustion of fossil resources differentiated by regions



CHAPTER 4. MODEL ANALYSIS OF CLIMATE POLICY REGIMES 67

4.2.2 Policy scenario B: Intensity target
Macro-economic development and mitigation costs

Policy scenario B produces in principle a different picture for mitigation costs than policy
scenario A. Although the global average loss in consumption is the same, the regional
distribution of costs is quite different. Figure 4.24(a) shows the consumption losses of
each region for the period 2005 to 2100, Figure 4.25 the average mitigation costs. First,
it can be noticed that Africa is not so clearly the only region to still benefit from the
policy scenario. At least for the short term, negative mitigation costs can also be found in
other regions (in particular in Japan and ROW). The consumption losses of UCA, EUR
and China are slightly lower than the global average. Moreover, all industrialised regions
have lower costs in policy scenario B than in policy scenario A. The regions MEA and
Russia have further on higher costs than the world average, but also India bears high
costs. Figure 4.24(b) shows the difference in the GDP of the regions. It is noticeable
that this value, in contrast to the difference in consumption, does hardly change compared
to policy scenario A. This primarily means that we deal with a pure allocation effect
which determines the revenues from the emission trade. But beyond this, it has only little

influence on the development of production and income.
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Figure 4.24: Consumption losses and GDP differences in policy scenario B (compared

with the reference scenario)
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Figure 4.25: Average mitigation costs in policy scenario B

Trade

Due to the lower provision with permits compared to policy scenario A, the revenues of
the developing regions from the emission trade are much lower or disappear completely
in policy scenario B. These regions reduce in turn their imports of goods (up to 15% in
India and ROW and up to 30% in Africa).

The trade flows on the resource market (see Figure 4.26) are almost the same as in
policy scenario A. Emissions trading enables all regions to follow the same strategy in the
energy sector (including the trade of energy sources) as in policy scenario A.

However, in contrast to the other policy scenarios, the distribution of emission rights
according to GDP enables the industrialised countries not only to reduce the share of
imported carbon certificates but even to sell their emission rights in a significant order.
Initially, Japan, EUR and UCA represent big sellers in the permit market (see Figure
4.27). On the other hand, all developing regions (in particular MEA and China) and
Russia are buying permits. MEA remains the largest importer of emission permits, while
China and ROW become major sellers of permits in the mid and long term. The peak in
emissions trading of nearly 5.5 Gt CO, appears already in 2010. The yearly trade volume
decreases fast to 2 Gt COs in 2030, and thereafter more slowly to 0.5 Gt CO4 in 2100.
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Technology development and power production

The technological development in policy scenario B is the same as in policy scenario A.
This is due to the properties of an efficient market that generates the same allocation of

scarce goods independent of the distribution of the emission permits among regions.

Emissions

The permit allocation is quite different between policy scenario A and policy scenario B
(compare Figure 4.28(a) with Figure 4.21(a)). The latter allocates permits proportional to
the regions’ share on global GDP. Until 2050, the share of permits allocated to the devel-
oped world regions amounts to more than 50%. In this period, the larger part of cumulated
emission permits is allocated, which additionally favours the developed regions. Despite
the differences in the permit allocation, the emission trajectory and the regional structure
of actual emissions is nearly the same (compare Figure 4.28(b) with Figure 4.21(b)). This
is consistent with the already mentioned correspondence of the GDP paths and dynamics

of the energy systems between both scenarios.
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Figure 4.28: Permit allocation and emissions in policy scenario B differentiated by regions
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4.2.3 Policy scenario C and D: Multi-stage approach
Macro-economic development and mitigation costs

Figure 4.29(a) shows the consumption differences between policy scenario C and the ref-
erence scenario for each region for the period 2005 to 2100. Again, MEA and Russia
need to bear the highest mitigation costs. As distinct from policy scenario A and espe-
cially from policy scenario B, Africa benefits even stronger from a distribution of emission
rights with a multi-stage approach. This is due to the fact that Africa is the region with
the lowest per capita income and thus, by the assumed allocation rule, gets even more
emission rights than in policy scenario A. As Africa can substitute easily away from the
baseline use of fossil resources, an excess of permits results, which can be sold profitably.
This also applies to India which faces quite low consumption losses.

Only small deviations compared to policy scenario A can be found for the differences
in the GDP (Figure 4.29(b)).
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Figure 4.29: Consumption losses and GDP differences in policy scenario C compared

with the reference scenario

As a variant of the multi-stage approach, emission trade in policy scenario D is re-
stricted to those regions that are found either in stage 2, stage 3 or in stage 4. Above
all, this means that Africa and India will be excluded from emission trade for a long
time. Thus, potential sellers of emissions rights are omitted. Consequentially, China,
Russia, Africa and ROW benefit from higher shares and/or higher prices on the less liquid
emission market. All other regions will be confronted with a rise of the mitigation costs
compared to policy scenario C (see Figure 4.30). On the one hand, India will lose due

to the missing revenues from the emission trade and is not compensated by higher prices
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Figure 4.30: Average mitigation costs in policy scenario C and D

for permit exports later on as it is the case for Africa. On the other hand, UCA, EUR,
Japan and MEA will lose due to the necessity that they need to invest more into domestic

emission reduction measurements immediately.

Trade

In policy scenario C, the trade structure represented by the current account is quite similar
to those in policy scenario A and B. There are slight differences on the resource market
(compare Figure 4.31 with Figures 4.8 and 4.9) and larger differences on the permit mar-
ket (see Figure 4.32).

China reduces slightly its import shares on the gas market in the second half of the
century in favour of India and EUR. Altogether, the trade in fossil resources is initially
somewhat lower than in the policy scenarios A and B. This depends on the permit alloca-
tion which cannot be equally compensated by emissions trading as within the other policy
scenarios. As a result, there are less permits available in the beginning, but more permits
later on. The initial shortage in permits is even more significant in policy scenario D.
Hence, the decrease of resources trade is more distinct in policy scenario D.

The strongest changes can again be found on the permit market. Although the dis-
tribution of roles between emission right purchaser and seller remains (except for China
which temporarily purchases permits), there is a considerable shift of shares on the sell-
ers’ side. In policy scenario C, China’s export shares are neglible. Since Africa will raise
its per capita income quite slowly (true for all scenarios), it will remain below that stage
of the multi-stage approach until the end of the century where substantial emission reduc-

tions will become necessary. This is also true for India until 2070. The resultant amount
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of emission rights for India and Africa restricts on the one hand the allocation of emission
rights to other regions and results on the other hand in a quasi monopolistic position of
Africa in the sale of emission rights after 2070. In the short to mid term, India dominates

the export of emission rights. ROW plays its role as major exporter of permits until 2050
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Figure 4.32: Permit trade in policy scenarios C and D

A slightly different situation, again on the seller side, emerges from policy scenario
D (see Figure 4.32(b)). Since India and Africa will participate in the emission trade only
as of about 2035 and 2045, respectively, only a restricted amount of permits is available

for sale on the international emission market. Russia, MEA and especially China join
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the emission export market in the short to mid term which is dominated by ROW. Africa
again dominates in the second half of the century.

A striking feature of the multi-stage scenario is the existence of double peaks in permit
trade - the first one around 2025/2030, the second one around 2065. These peaks corre-
spond with the transition of ROW and India, respectively, from stage 3 to stage 4. The
first peak in policy scenario C amounts to 8.4 Gt CO4 which is far above the maximums

in policy scenarios A and B.

Technology development and energy production

Policy scenario C differs from the scenarios A and B, since the allocation of energy car-
riers is not the same any more. The policy scenario is more than only a redistribution of
burdens and benefits of the global mitigation effort. The energy system exhibits another
development path that is compatible with the overall climate change mitigation objective

of not increasing the global mean temperature by more than 2°C.
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Figure 4.33: Net differences of the global primary energy consumption between policy
scenario C and policy scenario A

(Positive values indicate a higher consumption in policy scenario C)

Figure 4.33 shows the absolute differences between policy scenario C and policy sce-
nario A for the different primary energy sources. In the short run, less oil and gas is used
in policy scenario C that is substituted by an increase in the use of biomass and uranium.
During the second half of the 21st century the development twists to the opposite: more
oil, gas and coal is employed, but the use of uranium is reduced. This pattern corresponds

to the changing path of global emission permits (see next section).
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Figure 4.34: Differences in the consumption of primary energy carriers between policy
scenarios C and A differentiated by regions

(Positive values indicate a higher consumption in policy scenario C)

Figure 4.34 shows the differences between the two policy scenarios for some primary
energy carriers differentiated by regions. While oil shows a clear pattern of reallocation in
time, we observe a different distribution between the regions for gas in the 2nd half of the
century. China reduces its gas consumption favouring all other regions. In Figure 4.34(c),
however, we see that China increases its consumption of coal. The use of uranium shows
mainly a temporal redistribution, but the reduction of uranium use is most emphasised in
India and Europe.

Next, we turn to policy scenario D. Figure 4.35 shows the differences to policy sce-

nario A in the same manner as Figure 4.33. While global primary energy consumption



CHAPTER 4. MODEL ANALYSIS OF CLIMATE POLICY REGIMES 76

is similar to the unrestricted multi-stage policy scenario, the regional pattern is changing
again. The most important difference is that India and Africa use more coal in the near to
mid term and the MEA region reduces solar significantly in the long run, but uses uranium

instead.
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Figure 4.35: Net differences of the global primary energy consumption between policy
scenario D and policy scenario A

(Positive values indicate higher consumption in policy scenario D)

The switching of MEA from solar to uranium has significant impacts on the overall
allocation of uranium shown in Figure 4.36(d). The increase in demand by MEA crowds-
out the deliveries to EUR and especially India, which need to reduce their demand. India,
in turn, substitutes uranium by increasing its demand for coal in the short run; see Figure
4.36(c). Another interesting result is that now the interregional conflict for oil and gas is
increased as indicated in Figures 4.36(a) and 4.36(b), respectively. In the short run, the
demands for gas and oil are increased in some regions like India at the expense of other

regions like the developed regions and MEA.



CHAPTER 4. MODEL ANALYSIS OF CLIMATE POLICY REGIMES 77

[
o

=
o o

Primary energy consumption [EJ]
|
i
o

EluUCA
AP
Il EUR
ElRUS
EEMEA
[ CHN
EIND
EWAFR
C1rROW

-20
-30
40
2020 2040 2060 2080 2100
Year
(a) Oil
100

[e2)
o

o

|
=
(=}
o

Primary energy consumption [EJ]
N |
[o1) a
o o

-200

2020 2040 2060 2080 2100
Year

(c) Coal

Primary energy consumption [EJ]

EluUCA
AP
EWEUR
[
EEMEA
[ CHN
EIND
EWAFR
CIrOW

150

Primary energy consumption [EJ]

2020

2040 2060 2080 2100
Year
(b) Natural gas

2020

2040 2060 2080 2100
Year

(d) Uranium

Figure 4.36: Differences in the consumption of primary energy carriers between policy

scenarios D and A differentiated by regions

(Positive values indicate a higher consumption in policy scenario D)



CHAPTER 4. MODEL ANALYSIS OF CLIMATE POLICY REGIMES 78

Emissions

The permit allocation in the multi-stage scenario (see Figure 4.37(a)) is featured by a
fast increase of the developing regions’ permit share. Already in 2030, UCA, EUR and
JAP are allocated with less than 10% of global permits (while provided with 50% in
2010). Moreover, in contrast to policy scenario B, policy scenario C (see Figure 4.37(b))
comes up with regional emission reduction paths which differ from policy scenario A.
Globally, less emissions are produced in the short term, but more in the long term. The
most demanding reduction phase, which is between 2025 and 2040 in policy scenario A
and B, is brought forward (between 2015 and 2030; in policy scenario D (see Figure 4.38)
even between 2010 and 2025).

3 N
3 0
o Q
= 9,
2]
= ]
E )
g 2
S §
0
g 8N
W 5 5

0 0

2020 2040 2060 2080 2100 2020 2040 2060 2080 2100
Year Year
(a) Permit allocation (b) World-wide emissions

Figure 4.37: Permit allocation and emissions in policy scenario C differentiated by regions
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Whereas policy scenario A and B imply full flexibility in allocating global emission
permits over time, policy scenario C and D imply predefined amounts of permits for the
stages 1 to 3. This, on the one hand, results in a rather discontinuous profile of global
emissions, and on the other hand, yields a higher amount of permits to be allocated in the
second half of the century'. In order to meet the climate target, the latter has, obviously,
be compensated by a lower level of emission permits in the first half of the century. In
a first instance, the multi-stage scenario is more restrictive, resulting in slightly lower
welfare than policy scenario A and B. Global average consumption losses are, however,
slightly lower in policy scenario C.

The most remarkable difference between policy scenario C and policy scenario D is
the emission level of India. While India contains its emissions in the former in favour of
selling permits, it increases emissions in the trade-restricted case (even in periods when
it is allowed to trade). There is some kind of lock-in effect. India uses domestically
the permits which initially cannot be traded, and consequently builds an energy system
that is partly based on fossil fuels. At the same time, potential buyers of permits have to
restructure their energy system away from fossil fuels, thus reduce the demand for permits
in the long term.

4.3 Comparison of policy regimes

In the following Chapter, a comparative analysis is carried out for the investigated policy
regimes. The comparison of the mitigation costs and the resulting incentive effects for
different regions are the focus of this analysis. Implementation issues are not discussed
here. Beyond the selection of policy scenarios, there will be no discussion about equity
aspects that play an important part in the international negotiation process.

All policy scenarios pursue the same stabilisation target. Regarding ecological ef-
ficiency (i.e. its contribution to climate stabilisation), they are almost equal. They are
remarkably different in terms of permit allocation. Table 4.1 specifies the change of emis-
sion permits in 2020 and 2050 compared to the emissions in 1990. Figures differ for
nearly all regions, especially in 2020. The high implicit reduction requirements for Rus-
sia are a bit misleading due to the structural break in the Russian economy after 1990.

On the global level differences are small. But still, the global emission path of the
different policy scenarios is not identical. This indicates inefficiencies in the distribution
of emission rights. This effect, which applies to the multi-stage scenario, is however

marginal here. Global average mitigation costs measured as consumption losses relating

'The model does not allow to allocate and trade negative emission permits.
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Table 4.1: Percentage difference between allocated emission permits (2020 and 2050) and

emissions in 1990

2020 2050
Scen. A | Scen. B | Scen. C || Scen. A | Scen. B | Scen. C
UCA -19% +29% -32% -95% -73% -100%
JAP -18% | +108% | -25% -94% -67% -100%
EUR -34% +39% -35% -93% -74% -100%
RUS -45% -84% -52% -97% -96% -100%
MEA | +95% -24% +38% -33% -74% +64%
CHN | +45% -12% -20% -63% -60% -100%
IND +190% | -18% | +387% +59% -61% | +351%
AFR | +197% | -25% | +149% || +108% | -69% | +334%
ROW | +19% -13% +2% -61% -73% -100%

to the reference scenario are between 1.4% and 1.5% for the policy scenarios A, B and
C. Policy scenario D is most expensive with 1.6%. Global GDP losses are of the same
magnitude. 2

Figure 4.39 provides an overview of the average regional mitigation costs for the four
investigated scenarios. Policy scenarios A and C have a similar cost structure for UCA,
JAP, EUR, MEA and ROW. While the C&C scenario is more beneficial for Russia and
China, Africa and India benefit significantly from the multi-stage scenario. Policy sce-
nario B has the smallest range in regional mitigation costs. But at the same time, it is also
a scenario of extremes (see Table 4.2). For many regions, it is either the most favourable
or the worst scenario. It is most favourable for industrialised countries. The developing
regions, on the other hand, need to bear significant mitigation costs. In the light of the
distribution of the historical responsibility for the climate problem, this could be a heavy
burden in future climate negotiations. Policy scenario D is acceptable for few regions, but
for most it is not. Altogether, the restriction made to the global emission trade system has
a relatively high price.

As a robust result, it turns out that the variance of mitigation costs is higher between
the different regions than between the different policy scenarios. From the regional point
of view, it should be noted that the region MEA has to bear the highest costs in all sce-

narios (always more than 9%). The reconstruction of the global energy system reduces

%In general, regional GDP losses differ from regional consumption losses. This is due to the effects of

international trade.
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Figure 4.39: Average mitigation costs

part of the possible rents of this region whose revenues are to a large part derived from
selling fossil resources. This is in a slightly milder form also true for Russia (always
more than 5%). For the three developed regions UCA, Japan and EUR, the costs over
the different scenarios develop according to a fixed pattern. The highest mitigation costs
among this group can be found in UCA, they are slightly lower in Europe and they are
lowest in Japan. Beside the different base level (highest per capita emissions in UCA), the
growth pattern is also reflected in this relation according to which the region UCA will
grow most rapidly among these three regions. For all three regions, policy scenario B is
the most favourable one (average mitigation costs amount to 1% or less). For China, the
lowest costs arise in policy scenario A, however, variance of costs between the scenarios
is relatively small. The contrary holds for India, where all scenarios but the multi-stage
scenario C are quite expensive. Africa benefits in all policy scenarios, most remarkably
in both multi-stage scenarios (more than 10% consumption gains).

The regional mitigation costs are once again listed in detail in Table 4.2. Green figures
show the most cost-effective policy scenario for the respective region, red figures those

scenario which is the most expensive one for the region.

With regard to the technological development in the energy sector, similar patterns

arise in the different policy scenarios. Six options to avoid climate change were identified:

1. Lowering the entire energy consumption.

2. Modernising the output structure of secondary energy carriers.
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Table 4.2: Consumption losses in %
(Note: green and red figures label the most cost-effective and most expensive policy scenario, respectively)

Pol. scenario A | Pol. scenario B | Pol. scenario C | Pol. scenario D

UCA 1.61 1.77 2.68

JAP 1.09 1.06 1.77
EUR 1.58 1.63 2.59

RUS 9.88 8.40 6.32
MEA 9.86 10.63 12.18
CHN 1.38 2.01 1.66

IND 4.39 6.62 6.91

AFR -5.23 -0.86 -13.29

ROW -0.30 0.24 -0.38

3. Reduction of fossil fuel derived transportation fuels and gases.
4. Use of renewable primary energy sources.
5. Use of nuclear energy.

6. Application of CCS for the use of gas, coal and biomass.

Table 4.3 gives an overview about the utilisation of different mitigation options in
the energy system according to their priority in the temporal course. The weights are
attributed according to policy scenario A and B. The reduction of primary energy con-
sumption is important in the beginning and becomes less prominent in the long run; mod-
ernisation of the secondary energy carrier production becomes more and more important
with time especially through the increasing shares of electricity and hydrogen instead of
other liquids and solids. The reduced production of fuels and gases derived from fossil
fuels also becomes more important with time; partially the use of fossil fuels is substi-
tuted by the use of biomass. The use of renewables is not uniform across energy sources.
While biomass, wind and hydro are already meaningful in the short term, solar energy
sources start to play a prominent role only in the long term. Nuclear power is important
in the near to mid term, but disappears as mitigation option in the long term. Instead,
CCS technologies gain importance over time. Hence, the energy system demonstrates a
high degree of flexibility to deal with the carbon scarcity imposed by the climate change
mitigation objective.

Table 4.4 summarises the intensity with which the options are employed in the regions.
It shows an impressible diversity. The reduction of primary energy consumption is most
important in the developed countries and MEA, but it is not so important in the developing

regions. There, the modernisation of the secondary energy mix is much more important,
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Table 4.3: Overview of mitigation options employed in policy scenarios A and B
(+ used weakly ++ used intensively +++ used most strongly)

[ ‘[ Shortterm  Mid term  Long term ‘
Reduction of primary energy +++ ++ +

Modernisation of secondary energy + ++ 4+
Reduction of fossil derived fuels & gases + ++ ++
Wind & hydro + ++ ++
Solar T+
Biomass ++ ++ +++

Nuclear ++ ++
CCS ++ +++

Table 4.4: Overview of options employed in policy scenarios A and B differentiated by

regions
(+ used weakly ++ used intensively +++ used most strongly)
| | UCA Japan  EUR Russia MEA China India Africa ROW |
Red. primary energy ++ +++ +++ + +++ + ++ + +

Modern. secondary en. ++ + ++ +++ +++ +++ +++ ++
Red. fuels & gases +++ ++ ++ +++ ++ + +++ + ++
Wind & hydro +++ + ++ +++ ++ ++ + + +++

Solar + ++ +++ ++ ++
Biomass +++ + ++ +++ + + + +++ +++

Nuclear ++ +++ ++ + + 4+
CCS ++ + + + +++ + +++ ++

that is only of medium or low importance in the developed countries. The reduction of
fossil fuel derived transportation fuels and gases plays a significant role in UCA, Russia
and India. The application of renewables depends mainly on the assumed potentials, but
solar is special in that. Solar is only applied in regions that have low potentials in the
other renewables or would need to import resources. Nuclear is very important in Japan
and India. CCS is surprisingly most important in China and Africa. However, it should
be mentioned that these results are quite sensitive and often alternative strategies could be
followed by the regions without significantly increasing mitigation costs (see sect. 4.5).

The analyses in the previous sections make it obvious that the allocation of emission
rights has neither a significant influence on the development of the global mitigation costs
nor on the development of regional energy systems. This result is in accordance with
economic theory and with experiments with the model MESSAGE-Macro (cf. Nakicen-
ovic and Riahi, 2003, p.24), which emphasize the separability of efficiency and equity.
The investments in transformation technologies will not be changed by the distribution of
emission certificates. This perfectly fits with policy scenarios A and B.

This separability theorem is well-founded for statistical cases and perfect markets.

There are, however, assumptions in the present model that are in contrast to the conven-
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tional approach (i.e. compliance of the theorem cannot be expected offhand):
1. In principle, the model is dynamic, terms-of-trade effects can change the trade
flows.
2. Trade is restricted; secondary energy sources cannot be traded.
3. The power generation technologies wind turbines and solar photovoltaics are char-

acterised by learning curve effects.

In particular, trade restrictions in policy scenario D prevent this scenario to meet the

separability theorem.
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4.4 Comparison with MIND

We summarise the most important results from the MIND model that were presented
in the first report for the OPTIKS project. This summary serves as a reference point to
compare this model with the REMIND model. We will first refer to the assumptions and
then turn to the results.

Both models — MIND and REMIND - are built in the same tradition. A Ramsey-type
growth model was hard-linked with an energy system model and a climate system model.

However, the original MIND model was a very simple model:

1. There is only one region representing the world, compared to nine regions in RE-
MIND. Hence, there was no need to represent trade in goods, energy or emission

certificates.
2. There is only one final energy carrier in MIND, compared to eight in REMIND.

3. In MIND, there is a single alternative back-stop technology that was available with-
out any physical limits. In REMIND, a great number of renewable energy carriers
are modelled explicitly and each of them is restricted in differing grades in order to

consider the scarcity of attractive opportunities.

4. There are only two primary energy sources in MIND compared to nine in RE-
MIND; e.g. biomass and nuclear energy are explicitly represented in REMIND,

whereas production of the latter was part of an exogenous scenario in MIND.

5. There are only two energy transformation technologies, instead of 70 in the RE-
MIND model. Hence, the dynamics of investment paths are much more detailed
and complex in REMIND.

This means that we introduced a number of bottlenecks and flexibilities into the
model’s structure. On the other hand, MIND was triggered by endogenous biased techno-
logical change that is exogenous in REMIND. The new model structure does not consider
endogenous changes of the labour and energy productivity induced by specific RD&D
investments. This altogether limits the comparability of both models.

With respect to the results, we want to revisit the figures on the energy-related invest-
ment structure, the primary energy production and the prices of CO, emissions certifi-
cates. Note that the two model structures are not exactly comparable. O&M costs are not
considered in MIND; in the graphs below, we do not disaggregate this position according
to the energy types.

The sum of investments and fuel costs — expressed in expenditure shares — are roughly

of the same order of magnitude for both models. In the two reference (BAU) scenarios
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Figure 4.40: Comparison of investment shares between MIND and REMIND policy sce-
nario A

(Note: The letter in parenthesis for the REMIND scenarios indicates whether the position represents capital
investments (K) or fuel costs (F))

they are decreasing over time (see Figure 4.40). Furthermore, the share of the fossil en-
ergy sector is roughly the same in the beginning and is dominating in both models in
the reference scenario as well as significantly decreasing in the policy scenario for both
models. However, there is a number of differences in the details regarding magnitudes
and structure. First, the expenditure share in the REMIND model is not a monotonously
decreasing function in the policy scenario as it was the case in the MIND model. Second,
the investments in renewables are much lower in REMIND in the mitigation case, which

is mainly due to the constraints on potentials. However, in REMIND, renewable invest-



CHAPTER 4. MODEL ANALYSIS OF CLIMATE POLICY REGIMES 87

Hl oil

I Nat. Gas
[ Coal

[ Juranium
[ Geotherm.
Il Hydro
Iwind

[ Solar
[Biomass
Il Saving

1500 T
I Fossi
I Foss. with CCS
[ Renwable

1000 (7 Tragional norfossi
I Energy savings

5001

Secondary energy [ZJ]

Primary energy consumption [EJ]

0
2000 2020 2040 2060 2080 2100

0

Time [years] 2020 2040 2060 2080 2100
Year
(a) MIND (b) REMIND

Figure 4.41: Comparison of primary/secondary energy production between MIND and
REMIND policy scenario A

ments are launched earlier in the BAU cases. Third, the fuel costs for biomass are very
high in REMIND. This is mainly due to the exhaustion of the overall potential, which in-
duces very high rents. Also, nuclear fuels are increasing significantly in prices as climate
protection goals are imposed; the uranium price increases by a factor of 25 until the end
of the century. This leads to a reversal of the expenditures structure for nuclear electricity:
fuel costs get more important than capital costs.

Regarding energy production in the policy scenarios, we find very different results.
The use of fossil primary energy carriers in REMIND is declining from the very beginning
(see Figure 4.41(b)), but it was slightly increasing by applying CCS based technologies
in MIND (see Figure 4.41(a)). In REMIND, the use of fossil fuels (especially coal) is
increasing in the second half of the 21st century, when it is augmented by the use of CCS.
MIND was mainly relying on renewable energy sources, which are much lower in RE-
MIND. Energy savings are now more important and not only temporary; biomass gains
importance; nuclear energy serves as a near to mid term option. Differences in the energy
mix of both models are due to the above mentioned differences in model features. In
particular, in MIND the renewable energy sources were modelled as back-stop technolo-
gies — i.e. the potential is unlimited, whereas nuclear technologies were not considered as
an option. Moreover, the single region approach imply unrestricted tradability of energy
carriers.

The prices of CO, emission permits computed with the two models are very different;
see Figure 4.42. In MIND, the price of CO, permits increased from 35 $US per tC (around
10 $US/tCOy) in a logistic pattern to 450 $US per tC (around 120 $US/tCO5) until 2080.
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Figure 4.42: Comparison of CO, permit prices between MIND and REMIND policy
scenario A

REMIND, instead, starts with prices of about 40 $US per tC (11 $US/tCO,) that increase
exponentially to nearly 7500 $US per tC (2000 $US/tCO,) in 2100 at a rate of about
5.7%. The reason is that the implied emission constraint in REMIND is tighter, that the
potentials of the renewable and biomass energy sources are constrained and that secondary
energy carriers derived from renewable primary energy carriers cannot be traded. The

high carbon price is needed to keep low-cost fossil energy from reentering the market.
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4.5 Analysis of mitigation options

In the analyses of the previous section, it turns out that the use of different technological
options is the optimal policy. In contrast to the global model MIND, the more advanced
model REMIND simulates higher shares of nuclear energy and use of coal based on CCS
technologies. Risk aversion and a lack of social acceptance may restrict the use of both
technologies. Investing in risky technologies can only be justified if their option value is
high. The option value can be interpreted as a measure of substitutability. We determine
the option value as the difference in the mitigation costs between a policy scenario that
allows to employ the relevant technological option and a policy scenario that switches it
off or fixes it to its utilisation level in the reference scenario.

Based on the contraction & convergence scenario (see section 4.2.1), we defined two
additional scenarios which restrict the use of CCS technologies and nuclear energy tech-

nologies.

4.5.1 No-CCS scenario

In this scenario, the application of CCS technologies either in combination with the use
of coal and gas or in combination with the use of biomass is completely switched off. In
consequence of switching off CCS, the energy consumption will be reduced significantly.
This, above all, applies for the long-term. In 2100, primary energy consumption in the
No-CCS scenario is almost 30% lower than in policy scenario A, which however is partly
due to the different composition of the primary energy (a lower share of fossils means
that in terms of secondary energy the energy consumption is reduced to a smaller degree).
The remaining gap is filled mostly by solar energy and nuclear energy (see Figure 4.43).
There is a reduction of global electricity production compared to policy scenario A in the
last 20 years of the century only. It amounts to less than 10%. While alternatives exist
for the electricity production, the drop out of CCS technologies has a more drastic impact
on the transport fuel sector and on the production of hydrogen (see Figures 4.44(a) and
4.44(b) compared to Figures 4.17(a) and 4.18). Oil consumption is indirectly affected as
shown by its significant reduction in transport fuel production. The missing CCS option
reduces negative emissions from biomass use. They have to be compensated by reducing
emissions from consumption of oil.

The option value of the CCS technology is quite high. Mitigation costs increase by
more than 1% globally as well as in most regions (see Figure 4.46). UCA, EUR, Japan,
Russia and MEA face highest additional mitigation costs, while AFR and ROW benefit.

The drop out of CCS technologies increases the permit prices significantly. This improves
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Figure 4.44: Transport fuel sector and the production of hydrogen in the No-CCS scenario

the terms of trade of Africa and ROW.

4.5.2 Fixed nuclear scenario

In this scenario, the use of nuclear energy is fixed to the amount that is used in the refer-
ence scenario. The reduction in energy consumption is less drastic than in the No-CCS
scenario. The total electricity production, however, is quite similar (see Figure 4.45). In-
vestments in CCS technologies (gas, coal, biomass) and solar technologies are brought
forward, but cannot completely be compensated for the missing nuclear option. Other
renewable energy technologies (wind and hydro) fill the gap in the short term. In the
mid term (2030-2060), coal with CCS gains additional shares. Altogether, doing without

additional nuclear energy is not at all very costly (see Figure 4.46). The option value
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of nuclear energy is quite low; the incremental mitigation costs are in the order of 0.2%
globally. The nuclear option is slightly more important for Russia that faces highest addi-
tional costs compared to policy scenario A, while India and ROW are not at all confronted

with additional mitigation costs.
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Figure 4.45: Global power generation in the fixed nuclear scenario
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Figure 4.46: Average mitigation costs

4.5.3 Filling the mitigation gap

In this section, we will further qualify the contribution of single mitigation options in fill-

ing the mitigation gap. The mitigation gap is defined by the amount of baseline emission
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that has to be reduced in a policy scenario. It can graphically be represented as the area
between the emission trajectory of the reference scenario and that of the policy scenario.
The entire mitigation gap is filled by so-called mitigation wedges, which represent the
contribution of single mitigation options to the reduction of emissions.

Figure 4.47 shows the respective mitigation wedges for the C&C scenario, the No-
CCS scenario and the fixed nuclear scenario on a global level. The mitigation option
labeled as energy efficiency is a composite that includes the first three options identified
in section 4.3 (i.e. lowering energy consumption, modernising the structure of secondary
energy, reducing fuels and gases). In the C&C scenario, the cumulated contribution of
energy efficiency improvements amounts to approximately 44%, that of renewables and
biomass including CCS to 31%. Fossil energy technologies including CCS and nuclear
energy fill the remaining mitigation gap by 15% and less than 10%. While the contri-
bution of renewables is equally allocated over time, the contribution of nuclear energy is
concentrated on the mid term and that of CCS based fossil energy on the long term.

Within the No-CCS scenario, the cumulated contribution of nuclear energy does not
increase much. The share of energy efficiency improvements and renewables increases
to more than 57% and 30%, respectively. Within the fixed nuclear scenario, the share of

nuclear energy is taken over partly by renewables but mostly by fossil energies with CCS.
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Chapter 5
Conclusions

The present report analyses implications of suggestions for the design of post-2012 cli-
mate policy regimes on the basis of model simulations. The model REMIND-R serves
here as an analysis tool. Macro-economic distribution and/or income effects as well as
technological developments in the energy sector can be considered by means of REMIND-
R. The focus of the analysis, the determination of regional mitigation costs, also considers
the feedbacks between investment and trade decisions of the regions that are linked by dif-
ferent global markets for emission permits, goods and resources. Climate policy regimes

based on the following permit allocation schemes were investigated in this report:

e Contraction & convergence
e Intensity target

e Multi-stage approach

These regimes represent alternative designs of an international cap & trade system that is
geared to meet the 2°C climate target. Based on the distribution of mitigation costs, the

following conclusions can be drawn:

e Ambitious climate targets that meet the 2°C climate target with high likelihood can
be reached with costs amounting to approx. 1.5% of the global gross product; this
roughly confirms cost estimates of low stabilisation scenarios from earlier studies
based on global models (Edenhofer et al., 2006).

e The regional burden of emission reductions considerably varies with the particular
designs of a post-2012 climate policy regime; however, the variance of mitigation

costs between the regions is higher than between the policy regimes.

e Regions with high shares in trade of fossil resources in the reference case (MEA

and Russia) bear highest cost.

94
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e Cap & trade systems based on a GDP-intensity target are more favourable for in-
dustrialised countries (except for Russia), the contraction & convergence approach

and/or the multi-stage approach are more favourable for developing countries.

e The global average mitigation costs are nearly the same for different allocations of

emission permits.

e Africa can considerably benefit from an integration into a global emissions trading

system.

e Doing without the nuclear energy option is not costly, but forgoing the CCS option

will increase the global mitigation costs by more than one percentage point.

The present study analyses ambitious climate protection scenarios that require drastic
reduction policies (emission reductions of 60%-80% globally until 2050). Immediate
and multilateral action is needed in such scenarios. Given the rather small variance of
mitigation costs in major regions like UCA, Europe, MEA and China, a policy regime
should be chosen that provides high incentives to join an international agreement for the
remaining regions. From this perspective either the C&C scenario is preferable (Russia)
or the multi-stage approach (Africa and India).

All comparative statements are only valid for the concrete forms of policy regimes
investigated here. Moreover, all results are only valid within the framework of the as-
sumptions made. Such assumptions are necessary to reduce the model complexity and to
restrict the number of scenarios to be analysed.

Important assumptions and/or simplifications are:

e Fossil resources are assumed to be abundant and extractable at moderate costs (the
assumption of high-cost fossil resources would tend to lower the mitigation costs as
well as the share of fossil energy technologies that will in the long term be operated

with CO, capturing technology),

e Flexibility of investments in the energy sector (investment restrictions would tend

to raise mitigation costs),

e no trade of secondary energy sources (if this trade is permitted, the use of fossil
energy technologies will decrease in favour of renewable energy technologies; the
mitigation costs would decrease),

e no “’fast breeder” technology,

e Perfect market (a restriction of this assumption could lead to an intensified use of

domestic resources, and the mitigation costs could tend to rise),
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e Perfect foresight of all representative actors (applies to e.g. the knowledge about
the dynamics in the distribution of emission rights; a restriction of this assumption

could tend to raise the mitigation costs)

e exogenous non-CO, and land use emission scenarios; thereby additional mitigation

potential as well as mitigation costs are neglected.

Within this report, a highly advanced analysis of the costs of climate stabilisation
based on a state-of-the-art energy-economy-climate model is presented. This analysis is
unique due to the degree of consistency. Mitigation costs estimates are based on tech-
nological opportunities and constraints in the development of new energy technologies.
But most essential, technological change in the energy sector is embedded in a macro-
economic environment that by means of investments and trade decisions governs regional
developments. All together, this provides a new standard of climate policy decision sup-

port.



Chapter 6
Summary

Based on the EU’s 2°C climate target, it was the mission of the research project to identify
the costs of climate stabilisation. Regional mitigation options and their costs should be
analysed under different designs of a post-2012 cap & trade climate policy regime. An
advanced multi-region energy-economy-climate model was developed and used for the
requested policy analysis. In a first step of model application, we run a baseline scenario
and investigated in each region the simulated macro-economic development, trade, tech-
nological development, energy production and related CO, emissions. In a second step,
we analysed the same development parameters for a set of policy scenarios which differ
from each other by the permit allocation schemes which follow either the contraction &
convergence approach, an intensity target or the multi-stage approach.

A detailed comparison of the three policy regimes focusing on the regional mitigation
costs and the mitigation strategies in the energy sector is given in this report. This is sup-
plemented by investigating the contribution of different technological options (e.g. carbon
capturing and sequestration) for climate change mitigation. From simulation experiments
with REMIND-R, it turns out that the variance of mitigation costs is higher across regions
than across policy regimes and that quite different strategies of restructuring the energy
system are pursuit by the regions. The 2°C climate target can most likely be reached with
average mitigation costs of approx. 1.5% of the global GDP. Doing without the nuclear
energy option is not costly, but forgoing the carbon capturing and sequestration option

will increase the global mitigation costs by more than one percentage point.
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