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0. Populärwissenshaftlihe Einführungin das Thema OsymandiasPery Bysshe Shelley, Übersetzung von Adolf Strodtmann1Ein Wanderer kam aus einem alten Land,Und sprah: Ein riesig Trümmerbild von SteinSteht in der Wüste, rump�os Bein an Bein,Das Haupt daneben, halb verdekt von Sand.Der Züge Trotz belehrt uns: wohl verstandDer Bildner, jenes eitlen Hohnes SheinZu lesen, der in todten Sto� hineinGeprägt den Stempel seiner ehrnen Hand.Und auf dem Sokel steht die Shrift: �Mein NameIst Osymandias, aller Kön'ge König: -Seht meine Werke, Mäht'ge, und erbebt!�Nihts weiter blieb. Ein Bild von düstrem Grame,Dehnt um die Trümmer endlos, kahl, eintönigDie Wüste sih, die den Koloss begräbt.Von der Weisheit des SandesKop�os steht der groÿmähtige Pharao in der Wüste und sein Reih ist seit mehr als 3000Jahren Geshihte. Kop�os stürmen wir hinterher, leisten Landverödung und Waldster-ben Vorshub. Ein Drittel des Festlandes, so lautet eine neue Shätzung, wird bis zumEnde des Jahrhunderts versanden2. Sahara, Gobi, Kalahari, die Groÿe Sandwüste Aus-traliens - Trokengebiete und menshengemahte Ödlande dehnen sih immer weiter aus.Der Aralsee, einst der viertgröÿte See der Welt, besteht nur mehr aus drei Tümpeln undshikt giftige Salzstürme aus. Abholzung, Überweidung und Übernutzung des Bodens,falshe Bewässerung sowie Tehniken und politishe Entsheidungen, die keine Rüksihtauf emp�ndlihe Ökosysteme nehmen, sind Ursahen für die Degradation der Landshaft.1Adolf Strodtmann: Bibliothek ausländisher Klassiker in deutsher Übertragung, 29. Band, EnglisheLiteratur, Shellens ausgewählte Dihtungen, Erster Teil, Verlag des Bibliographishen Instituts, Hild-burghausen (1866). Anmerkung: Osymandias ist der griehishe Name von Ramses II.2Siehe z.B. A. Newton: Expanding sands, Nature Reports Climate Change, abgerufen am 27. August2009, doi:10.1038/limate.2009.84. 1



0. Populärwissenshaftlihe Einführung in das ThemaGenährt und beshleunigt werden diese Entwiklungen durh den Konsumhunger derer,die niht darauf angewiesen sind, den ausgemergelten Böden ihren Lebensunterhalt ab-zutrotzen.Änderungen in der Bodenbedekung gehören neben Treibhausgasen, Aerosolen undVeränderungen der Sonneneinstrahlung zu den bestimmenden Ein�ussfaktoren der glo-balen Erwärmung. Zwishen 1.8◦C und 4◦C wird laut Weltklimarat die Temperatur bisEnde des Jahrhunderts im Vergleih zum letzten ansteigen3. Eine Erwärmung über 1.5◦Chinaus setzt unumkehrbare Prozesse in Gang. Der Weltklimarat shätzt, dass dann etwa20-30% der im Modell berüksihtigten P�anzen- und Tierarten aussterben werden, so-gar bis zu 70%, wenn die Temperatur um mehr als 3.5◦C ansteigt. Das betri�t vor allememp�ndlihe Lebenswelten wie Korallenri�e, Regen- und Mangrovenwälder, aber auhPolareis, Gletsher und Tundra könnten völlig von der Landkarte vershwinden. EtliheInseln und Küstenstreifen werden im Meer versinken, in anderen Regionen werden ex-treme Wettershwankungen das Leben auf den Kopf stellen. Die Konsequenzen für dieWeltbevölkerung, die bis zum Jahr 2050 auf etwa 9 Milliarden anwahsen wird, sind ka-tastrophal - eine Vershärfung der ohnehin vorhandenen globalen Probleme wie Hunger,Armut und Krieg sind die Folge.Können grüne Tehnologien den Klimawandel mildern?Der Sand rinnt durh das Stundenglas. Es geht niht mehr darum, einen Temperaturan-stieg zu verhindern, sondern ihn zu beshränken. Im Strategiespiel �Civilization� ist daseinfah: man klettert höher im Tehnologiebaum und er�ndet z.B. die Tehnik �Ökologie�oder �Kernfusion�, das ermögliht Umweltshutz, Kreislaufwirtshaft und stillt den wah-senden Energiebedarf. Der Weltklimarat zeigt in seinem Beriht kurz- und langfristigeMöglihkeiten auf, wie sih die Menshheit dem Klimawandel anpassen und wie diesergebremst werden kann - dem tehnologishen Wandel kommt dabei eine Shlüsselrollezu. Dazu gehören niht nur neues tehnishes Wissen und verbesserte Organisation, son-dern auh fortshreitende Umweltkompetenz und gesellshaftlihe Reife. Was nützt dasenergieautarke Ökohotel an der Ostsee, wenn Urlauber dort Zwishenstation auf ihremSpaÿ�ug um den Globus mahen? Auf die Bilanz kommt es an, zum Beispiel gemessenam eigenen ökologishen Fuÿabdruk4, und auf die Summe aller Mittel.Verbesserte oder neue Tehnologien können die Anreiherung von Treibhausgasen inder Atmosphäre verringern. Die Internationale Energiebehörde bezi�ert zum Beispiel dasEinsparpotential von niht-fossilen Energiequellen und E�zienzsteigerungen auf fast 15Gigatonnen Kohlendioxid bis zum Jahr 2030, wodurh der Temperaturanstieg auf 2◦Cbegrenzt werden könnte. Den Löwenanteil von 80 % könnten Energiee�zienz und erneu-erbare Energien sowie Biokraftsto�e übernehmen, den Rest erbrähten die Speiherungvon Kohlendioxid und die Nutzung der Kernenergie (siehe Abb. 0.1)5. Dabei zählen Spei-3Informationen aus dem 4. Sahstandsberiht des Zwishenstaatlihen Ausshusses für Klimaverände-rungen der Vereinten Nationen, Ref. IPCC (2007). Die Spannweite für den optimistishen Anstieg ist1.1◦C-2.9◦C, für den pessimistishen 2.4◦C-6.4◦C.4Zum Weiterlesen: www.footprintnetwork.org .5Szenario-Shätzung der Internationalen Energiebehörde, Referenz IEA (2009) im Literaturverzeihnis.2



0. Populärwissenshaftlihe Einführung in das Thema

Abbildung 0.1.: Werden bis 2030 etwa 15 Gigatonnen Kohlendioxid gespart, kann derTemperaturanstieg auf 2◦C begrenzt werden, bezi�ert die InternationaleEnergiebehörde.hertehnologien im Gegensatz zur Kernenergietehnik zu den Umwelttehnologien - auhwenn es besser wäre, Shadsto�e zu vermeiden, als sie nahträglih beseitigen zu müssen.Umwelttehnologien können neben der Klimabilanz des Energiesektors auh die an-derer Wirtshaftsbereihe verbessern. Beispiele sind Tehniken zur Wassergewinnungund -aufbereitung, Agrartehnologien, Au�orstung und Begrünung, geshlossene Sto�-kreisläufe in der Industrie oder die Entwiklung von Materialien, die energieintensiveoder umweltshädigende Produkte ersetzen können. Insgesamt shätzt der Weltklimarat,dass die Einsparsumme aus allen Tehnologien den Ausstoÿ von Treibhausgasen auf demNiveau des Jahres 2000 stabilisieren könnte. Doh um dieses Potential auszushöpfen,muss in Forshung und Entwiklung investiert werden. In die Verbesserung der Energie-e�zienz und in die Erforshung niht-fossiler Energiequellen müssten zum Beispiel etwa12 Billionen US-Dollar innerhalb der nähsten 20 Jahre �ieÿen - das ist ungefähr dasHundertfahe des EU-Jahresetats (Quelle: Internationale Energiebehörde, IEA (2009)).Ein unsiheres Geshäft mit vielen OptionenWissenshaftler und Politiker wagen einen weiten Blik in die Zukunft. Wird die Ge-samtheit aller Tüftler und Unternehmer diese Summe aufbringen wollen und können?Was sind die Antriebsfedern und wie wird über eine Investition entshieden, wenn nihtklar ist, ob die Idee auh fruhtet? Die Daumenregel lautet: Springt mehr heraus, alsinvestiert wird, lohnt sih der Plan und Geldgeber könnten überzeugt werden. Die Unter-nehmensberatung Berger shätzt, dass das Marktinteresse an Umwelttehnologien weiterstark wahsen wird. Innerhalb der nähsten zehn Jahre wird sih ihr Handelsanteil mehr3



0. Populärwissenshaftlihe Einführung in das Thema

Abbildung 0.2.: Geshätzter Marktanteil von Umwelttehnologien aus der Siht von Un-ternehmen im Jahr 2020 in Milliarden Euro. Quelle: RBSC (2007).als verdoppeln und etwa 2200 Milliarden Euro betragen (siehe Abb. 0.2). Das gilt füralle Sektoren angefangen von Energiee�zienz, nahhaltiger Wasserwirtshaft, nahhalti-ger Mobilität, Energieerzeugung, natürlihen Rohsto�en und Materiale�zienz bis hin zuKreislaufwirtshaft, Abfall und Wiederverwertung.Die Aussihten sind gut, doh die Shwierigkeit für Unternehmen besteht darin, ab-zushätzen, wieviel investiert werden muss und was die eigene Er�ndung oder Weiter-entwiklung einmal Wert sein wird. Forshung und Entwiklung ist ein unsiheres undkomplexes Geshäft, das sih über Jahre hinweg ziehen kann und bei dem der Zufall kräf-tig mitmisht. �Tehnisher Fortshritt�, so die Ökonomin Joan Robinson (1903-1983), �istvorgegeben durh Gott, Wissenshaftler und Ingenieure�.6 Da kann man sih kaum aufPapier und Bleistift verlassen, um das Vorhaben zu bewerten. Denn unter Umständensheitert die Investition und ein guter Teil des Geldes, niht selten Millionen Euro, ver-sakt im Sand. Ein Beispiel für eine solhe irreversible Investition sind Wissenshaftlerund Tehniker, die sih einen neuen Arbeitgeber suhen. Ihr Wissen und ihre Erfahrungsind für den Unternehmer verloren. Die Unsiherheit über Erfolg oder Misserfolg einesProjektes führt daher zu einem Risikoabshlag, wenn potentielle Investitionen geprüftwerden. Allerdings übershätzen klassishe Bewertungsmethoden dieses Risiko, denn sieklammern Handlungsspielräume aus, die sih vor allem in langfristigen Projekten mitIrreversibilität und hoher Unsiherheit erö�nen.Eine alternative Bewertungsmethode ist die stohastishe Optimierung. Sie liefert einMittel an die Hand, aus einer Palette von Handlungsmöglihkeiten die bestmögliheauszuwählen. Mit Unsiherheit behaftete Gröÿen werden dabei mit Hilfe einer Wahr-sheinlihkeitsverteilung berüksihtigt, die aus der Erfahrung gewonnen werden kann.Zum Beispiel ist zu entsheiden, ob mit voller Kraft oder zwekmäÿiger auf Spar�am-6Gefunden auf Seite 151 in Dosi (2000). 4



0. Populärwissenshaftlihe Einführung in das Thema

Abbildung 0.3.: Wert eines Investitionsprojektes A) ohne und B) mit Berüksihtigungvon Irreversibilität und Unsiherheit.me gekoht werden soll, ob der Beginn vershoben, das Projekt abgebrohen oder dereingeshlagene Kurs noh einmal überdaht werden soll. Viele dieser Optionen beste-hen während der gesamten Umsetzung und können daher jederzeit in Frage kommen -zumal Wissen und Erfahrung wahsen, die Unsiherheit dagegen über den weiteren Ver-lauf abnimmt. In jedem Zeitpunkt wird dann für jede der Möglihkeiten gefragt, waswäre wenn? So gerät die Wahl des optimalen Entsheidungspfades zur mathematishenHerausforderung, doh die Fleiÿarbeit kann ein Rehnerprogramm übernehmen.Ein Ergebnis der stohastishen Optimierung ist, dass Handlungsspielräumen ein Geld-wert, der sogenannten Optionswert, beigemessen werden muss. Um diesen Betrag unter-shätzen klassishe Methoden, wie die Methode der abgezinsten Zahlungsströme, Inves-titionsprojekte (siehe Abb. 0.3). Der Fehler ist umso gröÿer, je mehr das Vorhaben durhIrreversibilität und Unsiherheit geprägt ist. Aber genau das sind wihtige Kennzeihenvon Forshung und Entwiklung. Dass Handlungspielräume bei der Bewertung meist un-ter den Tish fallen, ist ein Grund dafür, dass zu zögerlih investiert wird.Eine weitere Investitionsshwelle entsteht, weil Wissen auf Andere übershwappt unddiese nutznieÿen können, ohne zu bezahlen. Patente shützen davor nur ungenügend - dieEr�ndung kann zum Beispiel imitiert werden. Das kann dazu führen, dass ein Unterneh-men beshlieÿt, die Entwiklung zunähst einmal abzuwarten. Denn Wissen ist Kapital,5



0. Populärwissenshaftlihe Einführung in das Themaund das soll zu allererst für das eigene Unternehmen arbeiten. Stünde andererseits allesWissen frei zur Verfügung, könnte auh manhen Irrtümern aus dem Weg gegangen undniht jedes Rad müsste zweimal erfunden werden. Solhe E�ekte auÿerhalb des eigenenEin�usses bewirken, dass insgesamt etwa zwei- bis viermal weniger in Forshung undEntwiklung sowie den Erwerb von neuen Tehnologien investiert wird, als es klassisheModelle erwarten lassen.7Was hat Umweltpolitik mit Forshung und Entwiklung zu tun?Umweltfreundliher tehnisher Fortshritt bleibt im Vergleih noh mehr unter seinemPotenzial. Denn es kommt hinzu, dass Umweltvershmutzung und Umweltverbrauh fürUnternehmen und Konsumenten kaum etwas kosten. Diese Kosten werden der Gesell-shaft aufgebürdet. So besteht wenig geldwerter Anreiz, ökologish und nahhaltig zuwirtshaften - oder zu er�nden. Zum Beispiel e�zienter mit Energie umzugehen. Durh-shnittlih 3.5 Euroent kostet es, den Energiebedarf für eine Stunde Strom herzustellen.6-8 Euroent müssten pro Kilowattstunde bei Kohle, Erdöl und Erdgas draufgeshlagenwerden, würden die Kosten für Luftvershmutzung und Klimawandel eingerehnet. Mitknapp einem Euroent an niht berüksihtigten Kosten für die Allgemeinheit shnei-den Wind, Wasser und Sonne shon besser ab (Quelle: BMU- Gutahten 2007, Krewittand Shlomann (2007)). Doh ohne staatlihe Unterstützung wie Ökosteuer oder demErneuerbare Energien-Gesetz, das Preise und Abkaufsiherheit garantiert, wären dieseAlternativen niht wettbewerbsfähig.Viele Unsiherheiten, zögerlihe Investoren, übershwappendes Wissen, Umweltver-brauh unter Wert - ist es also realistish, dass die notwendigen 12 Billionen US-Dollarinnerhalb der nähsten 20 Jahre rollen werden, um mittels grüner Tehnologien den Kli-mawandel zu verlangsamen? Es ist niht realistish, falls niht Barrieren abgebaut undUmweltpolitik ausgebaut würde, wirft der Weltklimarat ein. Also ist Umweltpolitik ge-fragt, den tehnishen Fortshritt anzukurbeln und den Weg in die rihtige Rihtungzu ebnen. Das Portfolio an Politiken ist vielseitig: Subventionen für Umweltforshung,Steuern und Abgaben, handelbare Emissionszerti�kate, dynamishe Standards für Ener-giee�zienz, vershärftes Haftungs- und Umweltreht oder grüne Besha�ung durh dieö�entlihe Hand sind nur ein paar Beispiele.Da stellt sih die Frage, was ist e�zient? Präziser, was ist öko-e�zient? Idealerwei-se müssten Umweltpolitiker wissen, was in den Köpfen von Er�ndern vorgeht, um ein-shätzen zu können, welhe der Tehnologien niht nur viel verspriht. Sie müssen sogarabshätzen, welhe Auswirkungen Politikmaÿnahmen und Tehnologien haben werden.Wird der Energieverbrauh tatsählih sinken oder tappt man in Jevons Falle, d.h. eswird zwar e�zienter produziert, aber in der Summe mehr verbrauht? Aufwand undNutzen müssen im Verhältnis stehen. Auh hier spielen Unsiherheiten eine wihtigeRolle, denn ein Klima wandelt sih niht von heute auf morgen, weder in die eine nohin die andere Rihtung. Auf welhe Weise kann Umweltpolitik Unternehmen mobilisie-ren, umweltfreundlihe Tehnologien zu erforshen, wenn unsiher ist, wann und ob ein7Quelle: Gillingham et al. (2009) 6



0. Populärwissenshaftlihe Einführung in das ThemaDurhbruh erreiht werden kann? Welhe Handlungsspielräume hat ein Unternehmen,wenn Subventionen, Steueranreize oder E�zienzstandards unerwartet wegfallen oder ge-ändert werden? Tehnologishe Unsiherheit und Politikunsiherheit - das sind die beidenBrillengläser, mit denen in dieser Arbeit die Investitionsentsheidungen eines einzelnenUnternehmens studiert werden, um Antworten auf die aufgeworfenen Fragen zu �nden.Stohastishe Optimierung (Theorie der Realoptionen) kommt zum Einsatz, um zumBeispiel auszuloten, ob sih die Investition in Rostoks Meereswindpark lohnt oder wieEnergiee�zienzforshung be�ügelt werden kann.Das sind nur Mosaiksteinhen im Verständnis darüber, wie das Potenzial grüner Teh-nologien ausgeshöpft werden kann, um den Klimawandel zu mildern. In der Tat wirdjedes aus Mosaiksteinhen geformte Bild nur ein unvollständiges Abbild der Wirklihkeitbleiben. Ein vollständiges Bild zu sha�en, hieÿe, Vergangenheit und Zukunft genau zukennen. Das bringt uns zurük an den Ausgang dieser Einführung. Da immer Aspekteder Vergangenheit im Dunkel bleiben werden, wird ein Historiker niht perfekt rekon-struieren können, was zum Untergang von Osymandias' Reih führte. Genauso wenigwird ein Künstler die verwitterte Statue des legendären Pharao detailgetreu wiederher-stellen können. Und ebenso wenig ist Wissenshaft in der Lage, einen präzisen Weg indie Zukunft zu beshreiben. Eine interessante Überlegung �ndet sih da im Roman vonAntoine de Saint-Exupéry. Die Haupt�gur dieses Buhes, der Prinz eines Wüstenstaates,unterhält sih auf langen Spaziergängen mit seinem Vater über die Verantwortung, diedas Fällen von Entsheidungen mit sih bringt. Eines Tages sagt der Sohn: Immer gehtes nur darum, die Gegenwart zu ordnen. Was fruhtet es, über ihre Erbshaft zu streiten?Die Zukunft soll man niht voraussehen wollen, sondern möglih mahen.8 In diesem Sin-ne soll die Arbeit dazu beitragen, besser zu verstehen, wie es dazu kommen kann, dassFehlentsheidungen getro�en werden und wie diese verhindert werden können. Es ist vonWert, Handlungsspielräume o�en zu halten, lautet ein zentrales Paradigma der Theorieder Realoptionen.

8Antoine de Saint-Exupéry: Die Stadt in der Wüste, S. 187, Ullstein Buhverlage, Berlin (1997).7



1. Introdution1.1. Motivation OzymandiasPery Bysshe Shelley1I met a traveller from an antique land,Who said - "two vast and trunkless legs of stoneStand in the desert ... near them, on the sand,Half sunk a shattered visage lies, whose frown,And wrinkled lips, and sneer of old ommand,Tell that its sulptor well those passions readWhih yet survive, stamped on these lifeless things,The hand that moked them, and the heart that fed;And on the pedestal, this legend lear:My name is Ozymandias, King of Kings,Look on my Works ye Mighty, and despair!Nothing beside remains. Round the deayOf that olossal Wrek, boundless and bareThe lone and level sands streth far away."The wisdom of the sandsThe mighty pharaoh stands headless in the desert and his kingdom is history for morethan 3000 years. Mindlessly we are storming the earth, pushing the land to beomedesolate and ausing forests to die. One third of the ontinents, aording to reentestimate, will turn into sand by the end of this entury2. Sahara, Gobi, Kalahari, theGreat Sandy Desert of Australia - drylands and man-made wastelands are expanding.Lake Aral, one the fourth largest in the world, today barely three ponds, sends poisonoussand storms towards villages and ities. Deforestation, overgrazing, soil over-use, wrongirrigation, as well as tehniques and politial deisions that do not take our sensitiveeo-systems into onsideration are reasons for the degradation of our landsape.Canopy hanges, along with green house gases, aerosols, and hanges in solar irradia-tion, are among the main fators that ause global warming. The global temperature willrise, in omparison to its value at the end of the last entury, between 1.8 ◦C and 4 ◦ C by1Pery Bysshe Shelley: Ozymandias, MS Shelley e. 4 fol. 85 r, Bodleian, Library, University of Oxford(1817-1818).2See e.g. A. Newton: Expanding Sands, Nature Reports Climate Change, Published online: 27 August2009, doi:10.1038/limate.2009.84. 8



1. Introdutionthe end of this entury aording to the International Panel of Climate Change (IPCC)3.An inrease above 1.5 ◦C will trigger irreversible proesses resulting in the death of 20 to30 % of all the plants and animals onsidered in their model. If the temperature were toinrease by more than 3.5 ◦C, an alarming 70 % of speies would beome extint. This af-fets espeially sensitive eo-systems suh as oral reefs, rainforests and mangrove forests,but also polar ie, glaiers, and tundra ould ompletely disappear from the map. Manyislands and oastal areas would sink into the oean. In other regions extreme weatheronditions would turn normal life upside down. Consequenes for humankind, at a pro-jeted population of 9 billion people by the end of 2050, are atastrophi - intensifyinglife-threatening global problems suh as famine, poverty, and war.Can green tehnologies alleviate limate hange?The sand is running through the hourglass. It is not about avoiding a temperature rise,but limiting it. In the strategy game 'Civilization' this is simple: the player limbs the treeof tehnologies and invents tehniques like 'eology' or 'fusion' enabling environmentalprotetion and losed-loop industrial prodution. Even the growing hunger for energyan be redued. In its report, the IPCC suggests how we ould adapt to and slowdown limate hange in the short and long term. Tehnologial hange plays a key role.Improved or new tehnologies allow lowering the aumulation of green house gases inthe atmosphere. Aording to the International Energy Ageny, for example, non-fossilenergy soures and e�ieny improvements have the potential to prevent the release of asmuh as 15 gigatons of arbon dioxide by 2030 (IEA, 2009). This ould limit the inreasein temperature to 2 ◦C. The lion's share, 80 %, ould be shouldered by energy e�ieny,renewable energies, and biofuels. The remainder ould be attained by apturing arbonand using nulear energy. In order to tap the full potential, investments in researhand development are needed. For example, in order to improve energy e�ieny and toexplore non-fossil energy soures. 12 trillion US Dollars are needed within the next 20years. But the IPCC omments on the options to respond to limate hange"The apaity to adapt and mitigate is dependent on soio-eonomi and en-vironmental irumstanes and the availability of information and tehnology...", and further on, "... The eonomi mitigation potential, whih is generallygreater than the market mitigation potential, an only be ahieved when adequatepoliies are in plae and barriers are removed...", (IPCC, 2007, p. 56-58).Thus, green tehnologies bear a strong potential to alleviate limate hange, but theirutilisation is ontingent on interdependent fators whih are by nature impossible toantiipate or predit. Yet, deisions about adaption and mitigation measures have to bemade. A laissez-fair strategy is not an option. Therefore, a better understanding of theaspets of this omplex problem is needed. This thesis explores how the deision to invest34th Synthesis Report, IPCC (2007). The error margin for the best estimate in the optimisti senariois 1.1 ◦C - 2.9 ◦C. For the pessimisti senario it is 2.4 ◦C - 6.4 ◦C. Numbers are given for the years2090-2099 relative to 1990-1999. 9



1. Introdutionin researh and development towards greener tehnologies is in�uened by environmentalpoliies in a world of tehnial and poliy unertainty.1.2. Purpose and outlineTehnial hange an ontribute to alleviating limate hange, but this potential anonly be realised if poliies provide inentives for �rms to invest in innovations stimulat-ing the development or adoption of greener tehnologies. Relatively little is known abouthow to stimulate the phase of researh and development, whereas the study of induedtehnology adoption and di�usion has reeived onsiderable attention in environmental-eonomis. This observation is the starting point for this thesis. On the basis of the-oretial models, we will explore how poliy an spur researh and development (R&D)of environmental tehnologies. A key issue in the investigation is to inorporate uner-tainty and irreversibility. But these features are most often missing in the literature.There are several dimensions of unertainty. A generi unertainty of R&D is related tothe sienti� progress of an R&D projet. Therefore, apart from sunk investment ost,this thesis onsiders tehnial unertainty. The seond important unertainty, whih wewill also inlude in the ontext of our researh topi, is unertainty about the poliyframework. Our sequential investment models are solved by stohasti optimisation (realoption analysis). In order to redue the omplexity of the researh problem, we will fouson the investment deisions of a single �rm.The bakground to the analysis is provided in Chapter 2. In Setion 2.1, we willdisuss what is meant by 'green tehnologial progress', and we will present empirial�ndings of its determinants. Setion 2.2 ontinues with an outline of the rationale forpoliy interventions, illustrating environmental and knowledge-related externalities. Ab-strating from unertainties, prinipal options for environmental and tehnology poliyare reviewed and then disussed with respet to their (dynami) e�ieny. In Setion 2.3,we will introdue the onepts of irreversibility and unertainty. We provide argumentsas to why negleting these features an be misleading. The environmental-eonomis lit-erature that takes irreversibility and unertainty into onsideration is small, partiularlywhere R&D investment is onerned. We will survey their �ndings on green tehnolog-ial progress, unertainty, and environmental poliy. Setion 2.4 onludes the hapterby summarising open questions from the literature and impliations for the design oftheoretial models.In the beginning of Chapter 3, we illustrate the formalisation of tehnial unertaintyand present the main �ndings from the literature on real options of R&D investments.Afterwards, di�erent sequential investment models inorporating sunk investment ostsand tehnial unertainty are studied. In Setion 3.3, we desribe the basi model anddisuss its solution and limitations. To solve the model, we use the methods of dynamiprogramming and Monte Carlo simulation. The basi model is then applied to o�shorewind park investments in Setion 3.4. We extend the basi model to study the impat ofthe German Renewable Energy At on investment deisions. In Setion 3.5, we developa model to analyse the impat of environmental poliy on a �rm's deision to develop10



1. Introdutionenergy-saving tehnologies. Environmental poliy takes the form of energy taxes, trad-able and non-tradable energy quotas, as well as R&D investment subsidies. Setion 3.6summarises the hapter.In Chapter 4, we introdue poliy unertainty. After a short disussion as to theimportane of this extension in Setion 4.1, Setion 4.2 outlines the �ndings in R&Dinvestment models that onsider poliy unertainty. This is followed by a desription ofour way to formalise this type of unertainty (Setion 4.3). The model in Setion 4.4analyses the in�uene of unertain R&D subsidies on the investment deisions. We studytwo ases. In the �rst one, it is unertain how long subsidies will be available. In theseond one, the launh of an R&D programme is not known. In Setion 4.5, we explorethe impat of unertainty of energy taxes and quotas. The hapter is onluded by asummary.Chapter 5 summarises the main results of this thesis and disusses potential startingpoints for future researh.

11



2. Basi onepts and survey ofliterature2.1. Green tehnologial progressProgress is ommonly understood as a gradual betterment. Thus, green tehnologialprogress in priniple desribes tehnologial innovation that bene�ts the environment.This leads to three questions. First, what are the harateristis of tehnologial hange?Seond, what does 'bene�ting the environment' mean, and how an this be measured?And third, what is the broader ontext green tehnologial progress has to be plaed in?Tehnologial progress passes three basi stages whih are alled invention, innovation,and di�usion (Shumpeter, 1942). At �rst, ideas are born whih may lead to an invention.This an be a tehnial invention, i.e. a new proess or a novel produt, or an alternativeway of organising the prodution yle. The invention is tested and further developed.Some ideas ripen and are brought to the markets. This turns an invention into aninnovation. Possibly, an innovation spreads among other users who further adapt it totheir needs - the innovation enters the stage of di�usion1. Tehnologial progress is,however, not a linear proess but omplex and subjet to interruptions, orretions, andoinidenes. Seleted stylised fats of tehnial hange are, for example, the 'intrinsiallyunertain nature of inventive ativity', the role of 'long-run planning for �rms (and notonly for them)', and 'a signi�ant orrelation between R&D e�orts and an innovativeoutput' (Dosi, 2000, p. 151).In all three stages of the innovation proess, the magnitude of hange may be di�erent.A ommon taxonomy is to distinguish between 1) inremental and 2) radial innovation,3) new tehnology systems, and 4) hanges of tehno-eonomi paradigms (Freeman andPerez, 1988). Inremental innovations are ontinuous improvements of tehnologies orprototypes in use, often oneptualised as learning by doing (Arrow, 1962) or learningby using (Rosenberg, 1982). Radial innovations happen sporadially2 and are typiallyresults of mid- or long-term researh and development ativities of a single �rm or aresearh network. Some of them, espeially if tehnologial and organisational innova-1There are two stylised fats for the adoption of innovations. First, there is a lag between the avail-ability of an innovation and its adoption. Seond, the di�usion among appliants follows an S-urve.Innovators are the �rst few users followed by a growing number of early adopters. Possibly, thedi�usion gains momentum until a majority has introdued the innovation. Afterwards, the di�usionproess slows down again reahing market saturation (Rogers, 1995). For a review on the literature oftiming of tehnology adoption, see Hoppe (2002). For a review of empirial literature see Vollebergh(2007).2That is if viewed from outside of the innovator's institution. From inside, the learning proess is to alarge extend also of 'umulative nature', see Dosi et al. (1994, stylised fat 25).12



2. Basi onepts and survey of literaturetions are ombined, have the potential to indue broader strutural hanges a�etingseveral setors and establishing new tehnology systems. Even more far-reahing in themagnitude of hange is the fourth type. For this type, a new tehnologial regime dom-inates the development in most setors and ountries for deades, also able to shift thebehaviour of soieties.Tehnologial hange is to a large extend driven by steered eonomi ativities thatpromise pro�ts.3 The deision for these ativities is in�uened by various fators, e.g.the stok of already existing knowledge, relative ost of input fators, expeted marketdemand, other market onditions suh as the number of ompetitors, preferenes of sup-pliers and onsumers, as well as institutional, legal, and poliy strutures. The relevaneof these fators is in �ux during the innovation proess. For example, supply-side fatorsseem more important for researh and development ativities, whereas the di�usion ofinnovation is likely stronger demand-side driven.4Green tehnologial progress drives the diretion and rate of tehnologial hange to-wards 'environmental bene�ts'. This is subjet to on-going disussions on how to de�neeo-innovations. We follow a reent de�nition statingEo-innovation is the prodution, appliation or exploitation of a good, servie,prodution proess, organisational struture, or management or business methodthat is novel to the �rm or user and whih results, throughout its life yle, in aredution of environmental risk, pollution, and the negative impats of resouresuse (inluding energy use) ompared to relevant alternatives (Kemp and Pear-son, 2008).Note that it is the atual bene�t for the environment and not the intention of the innova-tion that ounts.5 This implies on the one hand that onventional innovations, too, anful�ll the riteria, e.g. new, resoure saving produts, as long as they are 'doing better'than their alternatives. On the other hand, innovations with the attribute 'environmen-tal' are not neessarily eo-innovations. This has important impliations for empirialstudies and the development of appropriate indiators. In order to assess whether aninnovation performs environmentally benign, the innovation should be - ideally - sub-jet to a life yle assessment. A possibility would be to measure how eo-e�ient aninnovation is. This an be de�ned as a swith in the tehnology system through '... the3See e.g. Ruttan (1997); Ja�e et al. (2003); Popp et al. (2009) for a omparison of the three majortheories that build on this assumption. The neolassial indued innovation approah splits intomiro-eonomi investment models and maro-eonomi growth models (New Growth Theory). Bothare rooted in General Equilibrium Theory. On the ontrary, permanent system hanges are the enterof the evolutionary approah. It replaes maximising investment strategies with satisfying strategiesthrough seletion, imitation, and variation. The path dependene approah draws from the historialobservation that dominant tehnologies determine development paths often leading to tehnologialirreversibilities and persistenies.4For an introdution to the literature on 'pushing' supply-side fators, 'pulling' demand-side fators,and poliy push-and-pull for environmental innovations, see e.g. Horbah (2008); Rennings andRammer (2009). See Rennings (2000) for a disussion from the point of view of eologial-eonomis.5Aordingly, the stress of this de�nition is on the seond and the third stage of green tehnologialprogress as the environmental impat of an invention has to be assessed and not its ambition orpotential. For a disussion of this and the evolution of the de�nition see Kemp and Pearson (2008).13
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Figure 2.1.: Evolution of eo-innovations (upper part of �gure) and estimates of the fatorfor environmental e�ieny improvements (lower part).delivery of ompetitively pried goods and servies that satisfy human needs and bringquality of life while progressively reduing environmental impats of goods and resoureintensity throughout the entire life yle to a level at least in line with the Earth's es-timated arrying apaity ...' (WBCSD, 1996). Thus, eo-e�ieny is operationalisedas the ratio of the produt or servie value to its environmental impat. Suggestions ofdi�erent aggregate and �rm-level de�nitions of eo-e�ieny are provided in Kemp andPearson (2008).Derived from the above de�nition, eo-innovations are lassi�ed into A) environmentaltehnologies, e.g. green energy tehnologies, B) organisation innovation, e.g. environ-mental auditing, C) produt and servie innovation, e.g. eo-housing, arsharing, and D)green system innovations, e.g. renewables-based energy systems. Environmental teh-nologies are further divided into pollution ontrol tehnologies, leaning-up tehnologies,waste management equipment, leaner proess tehnologies, environmental monitoringand instrumentation, noise and vibration ontrol, water supply, and green energy teh-nologies. Note that produt hanges are not inluded in the group of environmentaltehnologies while they are in a ategorisation of Hohmeyer and Koshel (1995)6.The magnitude of hange an eo-innovation triggers relates to its potential to on-6Hohmeyer and Koshel (1995) distinguish between integrated and additive environmental tehnologies.Integrated tehnologies a�et inputs, the prodution proess, or outputs. Additive tehnologies are'attahed' at the end of a prodution proess and are therefore also alled end-of-pipe tehnologies.14



2. Basi onepts and survey of literaturetribute to a sustainable development. The OECD reently published a strategy on howto enable industrial green growth (OECD, 2010). The upper part of Fig. 2.1 visualisesthis strategy showing the path for eo-innovations towards sustainable manufaturing.Tehnologial as well as non-tehnologial hange are onsidered. Green tehnologialhange omprises 1) pollution ontrol to 'treat' environmental ontamination, 2) leanerprodution tehnologies to redue environmental burdens by substituting harmful sub-stanes or optimising resoures and proesses, and, 3) the onept of eo-e�ieny forsystemati environmental management and monitoring. Non-tehnologial hange in-ludes, in addition, the extension to life yle thinking (e.g. green supply hain man-agement), the introdution of losed-loop prodution (e.g. disposable fabris), and thedevelopment of an industrial eology that is based on integrated systems of produ-tion. Non-tehnologial hange partially overlaps with the onept of eo-e�ieny. Itspotential impat is, however, bigger than that of tehnologial hange as it makes adevelopment towards new tehnology systems more likely.In addition to this evolutionary onept by OECD, the lower part of Fig. 2.1 showsthe fator of improvement in environmental e�ieny for di�erent system innovationsand their development along the time horizon. The magnitude of improvements hasbeen estimated in researh studies aompanying the Duth Sustainable DevelopmentProgramme (Arentsen et al., 2002). In the short- to medium-term, improvements areespeially ahievable through tehnial hange, saturating after approximately 5-10 yearsat a fator of 2.5. A partial system re-design and the establishment of new systems furtherbuild on non-tehnial hange. These o�er higher fators - a fator 5 in medium-termand a fator 10 in long-term, respetively.There is a small but growing number of empirial studies on the relationship betweengreen tehnial hange and its determinants. For reviews see Ja�e et al. (2003), Vriesand Withagen (2005), Popp et al. (2009), and Horbah (2008). The di�ulty for anempirial analysis is the identi�ation of appropriate variables. For example, it is notpossible to diretly observe the shadow prie7 of environmental impats or to simplyextrat environmental innovation data from existing innovation statistis. Moreover,spei� indiators have just reently been introdued or are still under development.However, typial proxies of eo-innovations are patent numbers as well as R&D relatedexpenditure and strutures.Empirial studies show that relative pries of inputs are a main driver of green teh-nial hange. Newell et al. (1999) on�rm that energy pries indue energy e�ieny ofhousehold applianes. The authors analyse US patents of room air onditioners between1958-1993, entral air onditioners between 1967-1988, and gas water heaters between1962-1993. Apart from hanges in relative pries, oil shoks in the 1970s had a strongin�uene on improvements in energy e�ieny. Grupp (1999) use German patent india-tors as well as oil import osts and �nd a positive impat of prie signals on sustainableinnovation in the long-run. Popp (2002) examines a strong positive impat of the energyprie on energy e�ieny innovation in US energy patent data from 1970-1994. Rennings7The shadow prie is the prie resulting when all environmental impats are onsidered. See also thenext setion on the onept of externalities. 15



2. Basi onepts and survey of literatureand Rammer (2009) survey 29,486 German �rms (response rate 20 %) and �nd ost sav-ings to be a main inentive for energy and resoure e�ieny innovation. This is alsothe result of another survey of German panel data, Horbah (2008). Carrion-Flores andInnes (2010) on�rm the ost-saving bene�ts of green R&D, analysing patent data in USmanufaturing industries between 1986-2004 and toxi pollutant emissions.One angle of tehnology and environmental poliies is thus to in�uene tehnial hangevia input pries, e.g. by providing subsidies to redue prodution osts or by imposingtaxes or restritions on ertain inputs. Aordingly, the majority of studies on�rm that(environmental) poliy itself is a main driver of innovation. Grupp (1999) �nds poliyto be an important short-run driver. Brunnermeier and Cohen (2003) detet a small,but signi�ant inrease in environmental innovation with abatement osts for patents ofUS manufaturing industries between 1983-1992. Lanoie et al. (2007) surveying 4200failities from the 2003 OECD data base, with a response rate of 25 %, state that en-vironmental poliies indue ost-saving R&D, and that poliy stringeny is important.This is also found by Horbah (2008) who surveys data of German manufaturing andservie �rms from two panels.8 An exeption is Ja�e and Palmer (1997) who do not �nda signi�ant relationship between the stringeny of environmental regulation (measuredby ompliane expenditure) and innovation ativities of �rms even though regulation in-due R&D inreases.9 Instead, the e�et of stringeny on green R&D is only signi�antif an industry-spei� �lter is used. De Vries and Withagen (2005) study three di�erentempirial models for SO2 abatement poliies and their impat on national environmen-tal R&D using the EU Patent O�e database for 1970-2000. The �rst model apturesthe e�et of poliy stringeny on patents, onsidering the development of internationalagreements and domesti hanges in abatement protools simultaneously. The seondmodel approximates the level of poliy stringeny by an 'index of environmental sensitiv-ity performane'. Di�erent pollutants are inluded but the international stringeny levelis assumed to be onstant over the years. The third model studies the impat of nationalemission levels on green R&D, assuming that environmental stritness is not diretlyobservable (treated as a latent variable). Only in the third model, the most realistiaording to the authors, is the relationship between environmental poliy stringenyand innovative ativity signi�antly positive. Reently, Johnstone et al. (2010) examinedthe in�uene of environmental poliy in terms of stringeny, preditability, and �exibility.Cross setional data from the OECD EPO database10 for the air, water, and waste setoron�rm the hypothesis that poliy stringeny has an e�et on invention and that poliypreditability as well as poliy �exibility have an e�et on invention above and beyondpoliy stringeny.8The Mannheim Innovation Panel was established in 1993. In 2001, questionnaires also gathered envi-ronment related data (response rate: 20 %). The establishment panel of the Institute for EmploymentResearh was founded in 1993. It ontains data of 753 �rms that belong to the environmental setor.Environmental innovation related questions are available for 2001 and 2004.9A reason might be that poliy ompliane osts are not an appropriate variable (Ja�e and Palmer,1997).10State of the art in 2008. Colleted data are from 1975-2007. Innovation was lassi�ed and onlyhigh-value patents were ounted. 16
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Soure Relationship between Data set Main �ndingNewell et al. (1999) energy e�ieny of house-hold applianes and energypries room air onditioners 1958-1993,entral air onditioners 1967-1988,gas water heaters 1962-1993 induement by energy pries,partially autonomous tehnialhange, oil shoks are relevantJa�e and Palmer(1997) stringeny of environmen-tal regulation and innova-tive ativities of �rms US manufaturing industrypatents and environmental om-pliane ost data 1973-1991 no signi�ant relationship, smallpositive when ontrolling forindustry-spei� e�etsGrupp (1999) short- and long-run inputprie signals and sustain-able innovation DE patent indiators, oil importosts, setor-expenditures for en-vironmental protetion long-run positive e�et, short-run: governmental regulationand prourement are importantdriversPopp (2002) energy prie and energy-e�ient innovation US energy patent data 1970-1994 strong positive impat, impor-tane of stok of knowledgeBrunnermeier andCohen (2003) abatement pressure andenvironmental innovation US patents in manufaturing in-dustries 1983-1992 small, but signi�ant inreaseVries and Withagen(2005) environmental stringenyand ountry level innova-tion in EU EU Patent O�e database 1970-2000 only signi�ant positive in modelinluding emission levelsMazzanti and Zoboli(2006) �rm harateristis, osts,poliy pressure, and envi-ronmental R&D Data of North Italian manufatur-ing �rms 2002-2004 importane of networking,among other driversTable 2.1.: Empirial �ndings on determinants of eo-innovations, 1999-2006.
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Soure Relationship between Data set Main �ndingRennings et al.(2006) EMAS and environmentalinnovation DE EMAS data positive relationship, R&D de-partment is a further triggerLanoie et al. (2007) environmental poliy andgreen R&D survey of OECD data 2003 (4200failities) poliy indues ost-saving R&D,stringeny is importantHorbah (2008) environmental innovationand various drivers Mannheim Innovation Panel(2001), Institute for EmploymentResearh Panel (2001, 2004) importane of knowledge apital,soft skills, ost savings, expetedfuture demand, and poliy inen-tivesRennings and Ram-mer (2009) energy and resouree�ient innovation anddrivers DE innovation survey (29.486�rms) ost savings are main inentiveCarrion-Flores andInnes (2010) toxi pollutant emissionsand environmental innova-tion patents and emissions in US man-ufaturing industries 1986-2004 signi�ant negative, ost-savingbene�ts of green R&D, poliystringeny inreases inentivesJohnstone et al.(2010) stringeny, preditability,�exibility of environmentalpoliy and innovation OECD EPO database for air, wa-ter, and waste (1975-2005) positive impat of stringenyon patent ativity, preditabilityand �exibility bring additionalinreasesTable 2.2.: Empirial �ndings on determinants of eo-innovation, 2006-2010.
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2. Basi onepts and survey of literatureImportant drivers of green tehnologial hange are the availability of knowledge andR&D strutures in a �rm (Popp, 2002; Rennings et al., 2006; Mazzanti and Zoboli, 2006;Horbah, 2008), networking ativities (Mazzanti and Zoboli, 2006), the introdution ofEU Environmental Management and Auditing Shemes (EMAS) (Rennings et al., 2006),and the expeted future demand (Horbah, 2008). The previous eonomi performaneas well as the utilisation of apaities have no or a small in�uene on eo-innovation(Mazzanti and Zoboli, 2006; Horbah, 2008). Rennings and Rammer (2009) and Horbah(2008) also study the di�erene between �rms that are in general innovative and �rms thatare spei�ally eo-innovative. Aording to Rennings and Rammer (2009), the later faestronger barriers. Horbah (2008) �nds that the expetation of higher employment levels,demand, size of the �rm, and highly quali�ed employees are relevant for both types ofinnovative �rms. Regarding the poliy in�uene, subsidies are an important trigger. Eo-innovation is strongly in�uened by poliy regulation, environmental management tools,and strategi and organisational hanges. A synopsis of empirial studies is provided inTabs. 2.1 and 2.2.2.2. Rationale for poliy interventions2.2.1. Market failures and ine�ienies in the innovation systemThe market potential of tehnologies to mitigate limate hange is lower than their eo-nomi potential11 (IPCC, 2007). The reason for this imbalane is the existene of exter-nalities, i.e. the existene of bene�ts and osts that are not re�eted through the priemehanism. They are imposed on or spill over to other parties than the eonomiallyative ones. An example of a negative externality is nutrient ontamination of the BaltiSea by agriulture and forestry ausing oastal euthropiation and thus imposing burdenson inhabitants and visitors. A positive externality would be e.g. the voluntary leaningof a river by members of a loal ommunity. In this ase, bene�ts spread beyond thegroup of ativists. Externalities ause markets to fail and lead to ine�ient innovationsystems driving a wedge between private and soial osts12 and their theoretial opti-mum. In the ase of green tehnologial progress, there are negative environmental and- in sum - positive knowledge-related externalities.13 Both interat with eah other andin�uene the rate as well as the diretion of green tehnologial progress.First, knowledge has the harateristis of a publi good. Knowledge reated by one11The market mitigation potential is de�ned as 'the mitigation potential based on private osts andprivate disount rates (re�eting the perspetive of private onsumers and ompanies)'. The eo-nomi mitigation potential is de�ned as 'the mitigation potential that takes into aount soial ostsand bene�ts and soial disount rates, assuming that market e�ieny is improved by poliies andmeasures and barriers are removed', (IPCC, 2007, p. 56).12Soial osts are the sum of private and external osts.13For reviews on environment-tehnology externalities see Grubb and Ulph (2002), Ja�e and Stavins(1995), and Popp et al. (2009). Gillingham et al. (2009) fous on externalities of an energy-e�ienttehnologial hange. Malerba (2009) and Aghion et al. (2009) disuss tehnology externalities froman evolutionary perspetive. Faber and Frentzen (2009) review the appliation of evolutionary theoryin environmental-eonomis. 19



2. Basi onepts and survey of literatureparty an be used by others without reduing its amount (Nelson, 1959; Arrow, 1959).This has onsequenes for entrepreneurs undertaking R&D, as other �rms might bene�twithout paying. Therefore, the amount invested in R&D will be too low. Externalitiesalso our in relation to the prodution of knowledge. For example, the market value ofa new tehnology inreases the better it is sold. Experienes in adopting the tehnologyspill over to other potential users - in this ase also for the bene�t of the inventor.14However, a �rm ounts only its own expenses and pro�ts when deiding about R&Dinvestments. Therefore, the �rm will not onsider the full earning potential.15 Potentialompetitors an also have an in�uene on the deision of an inventing �rm. Severeompetition might inrease investment e�orts in order to realise advantages from beingthe �rst inventor.The notion of 'potential ompetitors' raises a seond issue. Markets for tehnologiesdo not ful�ll the riteria for perfet ompetition. The reason is that the number of�rms undertaking R&D in the same �eld is limited. Often, R&D markets are evenmonopolisti. Furthermore, information is inomplete. This is foremost aused by theunertain nature of the innovation proess. For example, as the suess and failureof R&D and its ommerialisation potential is not known beforehand, the deision toinvest is omplex and likely suboptimal. In addition, the inventor has to pay a highrisk premium if borrowing money from apital markets. Thus, �naning onstraints areanother barrier to R&D.16 Information is also inomplete beause knowledge is part ofa �rm's apital and hene inentives are low to share information. On the other hand,tehnologial progress ould be aelerated through ooperation. This is an argument for'open siene approahes' (Aghion et al., 2009). In total, knowledge and R&D spilloversare positive leading to under-investments. Therefore, the rate of tehnologial progressis suboptimally low.17 Indeed, empirial studies �nd that the private rate of return onR&D is about two to four times smaller than the soial rate of return (Gillingham et al.,2009).The third issue is related to environmental externalities. These are ubiquitously neg-ative as osts for polluting the environment, over-exploiting natural resoures, or unsus-tainably produing, marketing, and onsuming are almost not onsidered nor fully paidby the polluter. An extreme example is the oil spill in the Gulf of Mexio aused by theexploded o�shore oil platform 'Deepwater Horizon' in April 2010. Two months later, es-timates for lean-up and legal expenses already amounted to 33 billion US dollars. Firstdoubts are spreading whether BP is able to pay these expenses.18 Suh over-uses of theenvironment ould be avoided (or at least lessened) if environmental inputs, e.g. lean air14See Ja�e and Stavins (1995); Popp (2010) for further disussions on externalities related to the adoptionand di�usion of new tehnologies and Gillingham et al. (2009) for adoption barriers in energy markets.15See Grubb and Ulph (2002) on this 'stand-alone e�et'.16In addition, there is asymmetri information between the �rm undertaking R&D and the �nanialinstitution. This an also lead to problems of adverse seletion, moral hazard, or prinipal-agentonstellations.17The impat of knowledge spillovers on the diretion of tehnologial progress is indiret, e.g. by limitinginvention possibilities and reating dependenies on researh paths taken.18The Wall Street Journal Online, June, 10, 2010. http://europe.wsj.om/ .20
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Figure 2.2.: External osts of di�erent energy soures aused by limate hange and airpollution.and water, natural resoures, et., were not free and markets for these goods existed.19The pries for unsustainable produts and proesses would inrease and in turn reatemarkets for alternatives. Thus, environmental externalities primarily a�et the diretionof tehnologial hange.20To illustrate the magnitude of environmental externalities, Fig. 2.2 and Tab. 2.3 showestimates of external osts for di�erent fossil and renewable energy soures (Krewitt andShlomann, 2007). For the fossil energy soures (brown oal, blak oal, gas) assumedonversion e�ienies (steam power plants/ ombined yle power plants) are given inbrakets.21 The renewable energy soures are solar (photo voltai, PV, and solarthermalpower plants), on-shore wind (1.5 MW), o�shore-wind (2.5 MW), and run-by-the-riverhydro energy without water reservoirs (300 kW). External osts have been quanti�ed2219See Johnstone (2005) for a further disussion.20National seurity issues, e.g. for the supply of energy, also in�uene the rate of green tehnologialhange (Gillingham et al., 2009).21Steam power plants have assumed onversion e�ienies of 40% for brown oal and 43% for blak oal.Combined yle power plants have onversion e�ienies for brown oal of 48% and for blak oal of46%. Note that a onversion e�ieny of 46% for blak oal seems low in omparison to brown oal.Alternatively, other estimates predit at least 50% for a ombined yle power plant that uses blakoal. See e.g. www.energie-fakten.de. The onversion e�ieny of the gas power plant (ombinedyle power plant) is 57%.22Krewitt and Shlomann (2007) use the 'ExternEMethod' that has been developed in a series of projetsfunded by the European Commission sine 2001. See www.externe.info and Krewitt and Shlomann(2007). External osts are alulated by multiplying emissions per unit of eletriity generation with21



2. Basi onepts and survey of literaturefor damage ategories 'limate hange'23, 'health risks', 'material damages', and 'roplosses'. The sum of external osts for eletriity generation by renewable energies hasbeen estimated to be below 1 EUR t/kWh. The exeption is photo voltai energy. Underthe urrent standard of tehnology, the prodution of solar ells is very energy intensive.In ontrast to renewable energies, external osts of fossil fuels are found to range between6-8 EUR t/kWh. If we assume an average prie of private osts for eletriity generationof approximately 3.5 EUR t/kWh, it is obvious that urrent private osts are far belowsoial osts.24 Fig. 2.2 shows that external osts of limate hange dominate. This alsoholds if the lower estimate of 15 EUR/t CO2 instead of the middle estimate of 70 EUR/tCO2 is used for the alulation. The �gure furthermore illustrates the imbalane betweenrenewable and fossil energies. The latter have a substantial ompetitive advantage.Conluding, externalities an lead to suboptimal eonomi ativities of �rms (or otheragents), i.e. there is a wedge between related private and soial osts. As more than onemarket failure is onneted with the proess of eo-innovation, the ombination of di�er-ent poliy instruments omes to mind. An often used justi�ation for poliy interventionsis that the double-externality problem an yield a double dividend25, i.e. bring an eo-logial (soial) and an eonomi (private) bene�t. The latter an be realised through in-ternational ompetitive advantages for environmental tehnology leaders, ompensatingfor osts from omplying with environmental regulation. The environmental externalityproblem an be solved theoretially by adjusting pries for environmental onsumptionvia Pigouvian taxes or subsidies (Pigou, 1920), introduing environmental/tehnologystandards (Baumol and Oates, 1988), reating markets for environmental goods, intro-duing liability law, or starting information programmes (Coase, 1960). These basipriniples translate into di�erent environmental poliy measures. Knowledge related ex-ternalities an be internalised by measures of tehnology poliy, e.g. the promotion ofR&D via researh loans, subsidies, grants, and patent poliies, the provision of informa-tion, and the support of researh infrastrutures. The following two sub-setions providean overview of typial instruments of environmental and tehnology poliy to enouragegreen tehnologial progress as well as a disussion of their e�ieny.
the spei� damage osts. Impats on the eo-system, geo-politial e�ets, risks of proliferation, aswell as risk of major atastrophes are desribed qualitatively.23Estimates of soial arbon osts strongly depend on the hosen disount rate and the fator 'equityweighting' that aounts for worldwide welfare di�erenes. Krewitt and Shlomann (2007) omparedi�erent studies and follow Downing et al. (2005) with a middle ost estimate of 70 EUR per tonCO2 equivalent (individual disount rate of 1%, equity weighting inluded). The low estimate is 15EUR/t CO2, the high 280 EUR/t CO2.24This is a rough estimate. The average end-user energy prie for middle size households in Germanywas 0.1401 EUR/kWh in 2009 (http://epp.eurostat.e.europa.eu) whereof 25% ome from eletriitygeneration (http://strompreisentwiklung.org).25See the disussion around the Porter hypothesis (Porter and v. d. Linde, 1995).22
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External osts photo voltai photo voltai hydro onshore wind o�shore wind geothermalin EUR t/kWh (2000) (2003) (300 kW) (1.5 MW) (2.5 MW)limate hange 0.69 0.38 0.09 0.07 0.06 0.26health 0.34 0.20 0.06 0.07 0.03 0.12material damages 0.009 0.006 0.001 0.001 0.001 0.003rop losses 0.005 0.003 0.001 0.002 0.0004 0.002Sum ∼1.0 ∼ 0.59 ∼0.15 ∼0.15 ∼0.09 ∼0.39External osts solarthermal brown oal brown oal blak oal blak oal gasin EUR t/kWh (40%) (48%) (43%) (46%) (58%)limate hange 0.09 7.4 6.4 5.9 5.5 2.7health 0.085 0.50 0.28 0.37 0.26 0.17material damages 0.002 0.015 0.008 0.013 0.01 0.005rop losses 0.001 0.010 0.004 0.009 0.005 0.004Sum ∼0.18 >7.9 >6.4 >6.3 >5.7 >2.9Table 2.3.: Quanti�able external osts of di�erent energy soures. Soure: Krewitt and Shlomann (2007).
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2. Basi onepts and survey of literature2.2.2. Instruments of tehnology poliy and environmental poliyThe objetives of appropriate poliy measures are to spur and diret tehnologial progresstowards its soial optimum26. Therefore, environmental poliy aims partially overlapwith and partially ontradit those of general tehnology poliy.27 For example, the EUprovides large funds for the development of general-purpose tehnologies, e.g. internettehnologies, spae tehnologies, transport tehnologies, et. These are not environmen-tal tehnologies as they are likely to add further burdens on the environment. On theother hand, some of these tehnologies have the potential to ontribute to a diret or indi-ret solution of environmental problems, e.g. by inreasing the probability for a sienti�breakthrough in the exploration of an environmental tehnology.Environmental poliy instruments, partiularly those targeting �rms, are ommonly di-vided between market-based, regulatory (or ommand-and-ontrol), and non-mandatoryinstruments. Pigouvian taxes, subsidies, and user-fees, as well as the reation of marketsfor pollution or emission rights belong to the �rst ategory. These instruments try toin�uene a �rm's behaviour through market signals by inreasing relative pries for envi-ronmental onsumption. This promotes a general green tehnologial progress sine �rmsare free in their adaptive response. The ategory of regulatory instruments omprisesenvironmental standards, tehnology and performane-based standards28, bans, and in-put and output quotas, as well as environmental legislation, obligatory eo-labeling andmanagement shemes. These instruments target spei� eo-innovations (tehnologyforing). A �rm has no (legal) option but to omply with the obligations. Examples fornon-mandatory instruments are voluntary agreements and information programmes, e.g.to raise environmental awareness or to inform about less polluting alternatives. Whilenot addressing �rms, an important additional measure is green publi prourement. Itan foster the development and di�usion of environmental tehnologies.Tehnology poliy an be ategorised depending on whih innovation phase is primarilytargeted or what side of the market - supply or demand - is mainly supported. Invention,innovation, as well as di�usion an be diretly supported, e.g by providing loans, subsi-dies, tax advantages, or other inentives. These measures aim to inrease R&D spendingand tehnology investments. For reduing the impat of inomplete information, poliiesfurthermore support R&D infrastrutures and integrated researh networks or arry outinformation programmes. Poliies baking the supply-side are alled tehnology-pull pro-grammes. Those programmes supporting the demand-side are known as tehnology-push26The soial optimum in the stati set-up an be ahieved when the marginal soial osts of environmentalonsumption equal the marginal soial bene�ts from onsuming the next unit of environment. Theseosts depend on the environmental-damage funtion whih in turn is hanging with tehnologialprogress. Therefore, in the dynami set-up, the optimal level of innovation has to be also hosen bythe soial planner.27See also Grubb and Ulph (2002) for a disussion of the objetives of environmental and energy poliy.An example area of on�it would be energy seurity issues.28This inludes dynami standards that provide inentives for a ontinuous improvement of eo-e�ieny.An example is the Japanese Top-Runner Programme introdued in 1999. Regularly, new e�ienystandards for the energy end-use of household applianes are set. The new standard is hosen abovethe urrent highest available standard and it has to be reahed within a �xed period depending onthe rate of tehnologial progress. 24



2. Basi onepts and survey of literature
Knowledge externalities: a) suboptimal R&D spending, b) inomplete informationInvention Innovation Di�usiona) R&D funding (loans,grants, subsidies, taxadvantages et.) subsidies for market intro-dution, publi green pro-urement, patenting tax inentives and otheradoption support, publigreen prourementb) integrated R&D fun-ding, provision of in-frastruture information programmes,support of infrastrutureand networks infrastruture for tehno-logy transfer, informationprogrammesEnvironmental externalitiesI) market-based, II) regulatory, III) non-mandatory instrumentsInvention Innovation Di�usionI) for all phases: environmental taxes, liability law, reation of markets for environ-mental goods (e.g. trading of emission rights)II) for all phases: environmental standards, tehnology and performane based stan-dards, bans, quotas, environmental legislation, obligatory management shemesIII) - - eo-labeling, publi greenprourement, informationprogrammes, voluntaryagreementsTable 2.4.: Innovation-oriented environmental poliies (based on Rennings et al. (2008,p.35)).
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2. Basi onepts and survey of literatureprogrammes. Tab. 2.4 provides an overview of innovation oriented environmental poli-ies. For a reent survey of theoretial and empirial issues of indued innovation and the'tandem of environmental and tehnology poliy' see e.g. Popp et al. (2009). Lehmann(2010) reviews the literature on poliy-mix to prevent pollution. Rennings et al. (2008)disuss and evaluate eo-innovation instruments that are applied in Germany.292.2.3. E�ieny of poliy measuresNeither the onsumption of the environment nor its protetion nor restoration ome with-out osts. Moreover, environmental externalities are not the only ones that ause soialosts (or onerns for the soiety). Therefore, internalisation measures should be enfore-able and e�ient. This depends on several fators suh as the dynami ost-e�ieny ofan instrument, its opportunity osts, the ability of poliies to inrease the rate and steerthe diretion of green tehnologial progress, the best poliy hoie under unertaintyand in a omplex world30, an instrument's politial feasibility, and its reliability. Thesefators in�uene the optimal hoie of an instrument, its stringeny level, and its timing.There is a broad theoretial literature on dynami inentives for environmental R&D in-vestments. A basi distintion is made between model types, endogenous-growth models,and miroeonomi deision-theoreti models.31 Endogenous Growth Theory studies theimpliations of R&D and the role of poliy at an aggregate level by introduing inno-vation possibility frontiers or modelling knowledge as a apital stok. Its main interestsare imperfetions in innovation markets (knowledge spillovers, rowding out e�ets) andsubstitution e�ets between the generation of output and the generation of new knowl-edge. Many theoretial and numerial models have shown that, �rst, ost e�ets frompoliy measures (resulting in lower per-apita inomes) are larger than the ompensatinge�ets of indued innovation, and seond, general R&D an be rowded out by environ-mental R&D. However, the opposite an also be the ase.32 Deision-theoreti modelsare basially partial equilibrium models. The deision of a poliy-maker or �rm/setoris analysed in (�nite) subsequent stages as an optimal ontrol problem. Here, the topisof interest are innovation inentives and welfare impliations under perfet or imperfetompetition, with or without strategi options. The distintion between R&D invest-ment and adoption investment is not always lear. Requate (2005, p. 179) de�nes thata model is primarily an innovation model if 'there is a stohasti element, i.e. the sizeof innovation, its date, or the R&D suess is unertain, or seondly, a patent is grantedon the innovation, or thirdly, spillovers our, or �nally, imitation is possible.'The ranking of poliy instruments is ambiguous. But instruments that in�uene rela-tive pries and allow �exibility are often preferable over regulative instruments, beause29See also Setion 2.1. for empirial �ndings on the determinants of eo-innovation that inlude poliyas an important driver.30Note that damage funtions, soial optima, and poliy impats an only be estimated.31The following summary uses the reviews of Requate (2005), Ja�e and Stavins (1995), Goulder andParry (2008), and Popp et al. (2009). Note that we are not inluding �ndings on tehnology di�usionand adoption.32For example, arbon-energy saving R&D replaes arbon-produing R&D instead of rowding outneutral R&D when the three are modelled separately (Popp et al., 2009).26



2. Basi onepts and survey of literaturemarket-based instruments enable adoption at least ost and provide inentives to on-tinue R&D ativities with a free hoie of tehnology to ahieve further ost redutions.This is not the ase for (stati) regulatory instruments as there is no additional rewardin exeeding performane standards or hoosing a tehnology, in the ase that inentivesare onneted with a ertain tehnology. However, regulatory instruments are at an ad-vantage in the e�etive utting bak of the level of environmental pollution or emission.Furthermore, by de�ning dynami standards, the problem of a 'tehnology freeze' (Poppet al., 2009) an be avoided, e.g. by setting tehnology standards aording to the best-available ontrol tehnology at a time. A disadvantage is that regulatory instrumentsbeome more vulnerable to issues of poliy ommitment and time onsisteny.Models that study these fators take aount of the possibility of �rms and regulatorsto antiipate and/or reat to eah others deisions. For example, regulators may hooseto adjust their poliies after observing innovation e�ets (e.g. after listening to winnersand loosers of a new regulation) or simply beause poliy priorities hange. Poliy om-mitment and timing in these models is then a matter of the soial osts of pollution.The level of environmental stringeny has two antipodal e�ets. On the one hand, asosts inrease with stringeny, inentives for R&D inrease. On the other hand, R&Dinentives derease as less output an be produed. Competition models show that teh-nology leaders are in favour of higher environmental stringenies. However, the totale�et (and thus the poliy ranking) depends on the magnitude of knowledge spilloversand their appropriability, marginal abatement ost urves, as well as harateristis inenvironmental tehnology markets (market power, number of �rms, et.). Many empiri-al studies support the important role of environmental poliy and stringeny to promotegreen tehnologial progress (see Setion 2.1). Both market-based instruments as well asregulatory instruments spur innovation and indue ost-redution.In the majority of environmental-eonomis studies, unertainties are not taken intoaount when analysing the e�ieny of poliy measures. This lak in the literature andits impats on deisions to invest in green R&D will be takled in the following setion.
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2. Basi onepts and survey of literature2.3. R&D deisions in a omplex world2.3.1. The role of irreversibilities and unertaintiesIrreversibility auses destabilisation proesses that are onneted with forgone options.Examples for suh forgone options are the lost option to maintain an eologial system,e.g. the diversity of populations (Holling, 1973),33 the lost option of using a natural envi-ronment, e.g. aused by tehnially irreversible onstrution projets in a redwood forest(Arrow and Fisher, 1974),34 the dereased variety of investment hoies or managerial�exibilities (Henry, 1974; Dixit and Pindyk, 1994),35 or the loss of the development ofsuperior tehnologies due to historial lok-in phenomena (Arthur, 1989)36. Generalisingthese examples, we will use the following de�nitionIrreversibility is a measure of the di�ulty of returning to an initial state withinan eonomially meaningful time frame following a perturbation. (Perrings andBrok, 2009, p. 224)The referene to an 'eonomially meaningful time frame' has two impliations. First,the de�nition inludes more than stritly non-reversible systems. A reversible systeman be interpreted as an irreversible one if the speed of adjustment to a perturbationis large in relation to the time horizon of the deision-maker. Seond, it is assumedthat the bakward-transformation an be expressed in ost ategories. As a onsequene,irreversible deisions are assoiated with su�iently large reversion osts. To give anexample, the irreversibility of apital investments is generated by the non-malleabilityof apital (Perrings and Brok, 2009) resulting in sunk osts. Aording to Dixit andPindyk (1994), sunk investment osts an our due to �rm- or industry-spei� in-vestments, an under-evaluation of goods in seond-hand markets, and governmental orinstitutional regulation.3733Holling (1973, p. 17) establishes a link between irreversibility and the resiliene of a system. Resiliene'determines the persistene of relationships within a system and is a measure of the ability of thesesystems to absorb hanges of state variables, driving variables, parameters, and still persist. In thisde�nition resiliene is the property of the system and persistene of probability of extintion is theresult'. Therefore, a system is irreversible if it has lost its resiliene.34Arrow and Fisher (1974, 314) assoiate irreversibility with reversion osts. The time to transform anatural environment bakward 'is so great that, given some positive rate of time preferene, it mightas well be irreversible.'35Henry (1974) states that 'a deision is onsidered irreversible if it signi�antly redues for a long timethe variety of hoies that would be possible in the future'. In Dixit and Pindyk (1994), irreversibilityis expressed as sunk investment osts.36Arthur (1989, p. 117) relates irreversibility to the hoie of one out of multiple equilibria resultingin non-ergodiities and in�exibilities suh that 'one an outome (a dominant tehnology) begins toemerge it beomes progressively more loked in'.37The inlusion of irreversibility and unertainty when deiding about apital investments is subjetto the theory of real options. Myers (1977, p. 22) introdues this term as an analogy to �nanialoptions, i.e. real options 'are opportunities to purhase real assets on possibly favorable terms' and'the value of real options re�ets the possibility of rents or quasi-rents'. Thus, apital investmentsan be treated as an Amerian all option, i.e. the holder has a right to invest money (all) andthe option an be exerised at any time (Amerian). The return on investment is a pakage of somevalue that an be sold. The investment itself, however, is irreversible as osts are sunk. Note that28



2. Basi onepts and survey of literatureThe soure of a perturbation an di�er. Its impat on the evolution of the system,i.e. the diretion and magnitude of e�ets, strongly depends on the interplay betweenunertainties, non-linearities, and the time horizon. Obviously, unertainty is larger thegreater the time horizon is - to guess what happens tomorrow is easier than to guesswhat happens in the next entury. Moreover, with time passing, hysteresis e�ets andatastrophi events an our, whose aftermaths are highly non-linear and irreversible,further ompliating a predition of the system's evolution.Before we present the main literature �ndings on the unertainty-irreversibility rela-tionship, we will speify what is meant with 'unertainty'. We will adopt the followingde�nition by Milliken (1987)Unertainty is 'an individual's pereived inability to predit something au-rately'. (Milliken, 1987, p. 136).Thereby, the soure of unertainty is external to the individual or its organisation. Thisis aptured by the term 'environmental unertainty' and implies that unertainty is nota matter of objetiveness. Unertainty originates from the inability of agents to assignprobabilities to future events or to gather and evaluate information of ausalities be-tween system variables and their impats. Milliken (1987) distinguishes between threetypes of environmental unertainty. These are state unertainty, e�et unertainty, andresponse unertainty. The �rst derives from not knowing and understanding how systemomponents (state variables) hange and are interrelated. For example, a �rm is un-able to predit hanges in environmental poliy or the behaviour of ompetitors. E�etunertainty onerns the inability to foresee impats of hanges in the environment onthe agent's organisation. For example, the Federal State of Meklenburg-Vorpommernis unertain about how limate hange will impat the region's water levels. The thirdategory, response unertainty, relates to the inability to identify all responsive optionsor evaluate them. Fig. 2.3 illustrates this hierarhy of unertainties from the perspetiveof a single �rm.The self-amplifying interplay of irreversibility and unertainty (Pindyk, 2007) an leadto suboptimal deisions that are able to alter the miro- as well as the maro-system.Arrow and Fisher (1974) �nd suboptimality in the soial point of view. Irreversibilityadds an extra value to the reversible alternative. This value is alled the option value andreates an irreversibility bias in omparison to lassial valuation methods. Kassar andLasserre (2004), among others, onsider the possibility that speies beome extint. Sim-ilar to Arrow and Fisher (1974), unertainty inreases the value of biodiversity. Thus, inthese models, irreversibility redues investment bene�ts and raises the opportunity ostsfor developing a natural environment. Hene, an optimal poliy under unertainty isto hesitate developing the natural habitat, keeping �exibility and not restriting futureoptions. A similar value of waiting is reated in models with market unertainty (Dixitthe option is ompetitive as it is open to others. Real options models belong to the lass of partialequilibrium models. Their main interest is to study the impat of irreversibility and unertainty onthe ritial investment threshold. See Dixit and Pindyk (1994) for a lassial monograph on realoptions. See Adner and Levinthal (2004) for the limitations of the approah. Setion 3.2 reviews theliterature on real options for R&D investments.29
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Figure 2.3.: Hierarhy of unertainties from the perspetive of a single �rm.and Pindyk, 1994, among others).38 It arises from the possibility of updating infor-mation as time passes (Bayesian learning). Pindyk (2002) analyses the optimal timingof environmental poliies, i.e. an earlier vs. a later one-time adoption of an emissionreduing poliy. The model yields a value in postponing a poliy deision, lowering thebene�ts of an intervention.However, the sign of the generated option value is ambiguous. Unertainty an ael-erate or hamper apital investments (or an ativity in general). The diretion dependson the type of unertainty and its struture. If investing (or some ativity) an revealinformation, expanding the investment (or ativity) is more valuable. If otherwise, learn-ing is passive, the inentive to wait inreases with irreversibility and unertainty (seee.g. Pindyk (1993); Leahy (1996); Ulph and Ulph (1997); Kort (1998)). The reason forthe postponing e�et is that unertainty imposes risks for reversing the ativity withoutreating prospets for its ontinuation. However, there are also fators that are able toalter the negative investment-unertainty relationship in models with a passive resolutionof unertainty. Caballero (1991) studies the role of dereasing returns to sale or imper-fet ompetition. He �nds that under a negligible degree of imperfet ompetition therelationship between investment and unertainty is positive. The same applies if om-petition is very high. In the latter ase, the prie of apital and its expeted marginalpro�tability beome the dominating fators instead of the asymmetri adjustment osts.Bar-Illan and Strange (1998) analyse the option to abandon a projet (with ostly exit38Note that the option value in Arrow and Fisher (1974) and Henry (1974) is onneted to the valueoriginating from the real options theory of Dixit and Pindyk (1994). Fisher (2000) argues that bothare equivalent. But Mensink and Requate (2005) suggest to separate the real option value into twoparts - a value of obtaining new information equivalent to the theory by Dixit and Pindyk and aseond part deriving from lost bene�ts when postponing the deision.30



2. Basi onepts and survey of literatureand entry) and the in�uene of an interest rate. In both ases, the marginal revenue fromthe apital, the net present value, is a onvex funtion of the variables. This leads toa positive sign of the investment-unertainty relationship. Sarkar (2000) �nds that theprobability to invest inreases with unertainty for low-risk and slow-growth projets.39Table 2.5 provides an overview of the types of unertainties that have been studied.We use the hierarhy of unertainties by Milliken (1987) to struture this line of researh.The table shall serve as an entry point into the literature sorting early publiations aswell as the emerging literature in environmental-eonomis that onsiders unertaintiesand/or irreversiblities and their in�uene on a deision-maker. Examples of two-periodmodels as well as time-ontinuous models are inluded. Some publiations solely takeinto aount unertainty. Furthermore, in a few ases, unertainty is not a stohastivariable but swithes between deterministially hosen values. The disussion of �ndingsis postponed to the next setion.One might argue that unertain variables ould be replaed by their expetation valuesand that this approximation is good enough for good estimates. However, Henry (1974)as well as Arrow and Fisher (1974) have shown that suboptimal investment paths arehosen under suh a simpli�ation. This is a onsequene of irreversibility, non-linearrelations, and funtionalities that are typial if the time horizon is long and unertaintiesare large.40 Apart from osts and bene�ts, disount rates are also a matter of theunertainty-irreversibility disussion. Replaing these with their expeted values leadsto a smaller disount fator and the error aumulates rapidly with time. Therefore, the'e�etive disount rate' (Pindyk, 2007) needs to be muh lower than the expeted. UsingIPCC estimates for limate sensitivity and poliy osts, Golub et al. (2009) determine thedistribution of avoided limate hange damages vs. sunk mitigation osts in a numerialsimulation. The latter turn out to be larger but the potential damages show a greatervariane. More importantly, the potential damages have a fat tail in the distribution.This fat tail is aused by the high risk for atastrophi events. Golub et al. (2009)onlude that models based on the expetation value method averaging these kind ofe�ets out are not suitable. Hene, alternative methods are alled for (e.g. probabilistiapproahes, real options theory).There are a few empirial �ndings on the e�ets of irreversibility and unertainty. Wewill shortly summarise the results of these publiations foussing on the e�ets of invest-ment deisions. Bulan (2005) on�rms that industry and �rm-spei� unertainty anreate an option to delay investments but ompetition an aelerate them. Using datafrom the German manufaturing setor 1995-2001, Czarnitzki and Toole (2008) also �nd39This is a ontroversial �nding, see e.g. Lund (2005). Similar to Sarkar (2000), Lensink (2002) studiesan empirial model of aggregate investments for a set of developed ountries. He �nds that low levelsof unertainty are likely to aelerate investments whereas high levels hamper investments.40Note that it is typially assumed that ost and bene�t funtions are not linear but quadrati. Pindyk(2007) gives a simple example of the di�erene for the alulation of abatement ost when expetedvalues are used to replae unertain variables. Abatement osts C are given by C(A, ǫ) ≈ [(1+ ǫ)A]2.
A is the abatement level in perentage. ǫ is a random variable that takes -1 or +1, eah with aprobability of 0.5. Thus, abatement osts equal A2 when using the expeted value of ǫ, E[ǫ] = 0. Onthe other hand, E[C(A, ǫ)] = 0.5C(A,−1) + 0.5C(A, 1) = 2A2 when diretly using the de�nition ofthe expetation value. 31
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Eologial unertaintyimpat unertainty: Chao and Wilson (1993); Kolstad (1996); Pizer (1999);Pindyk (2002); Fisher and Narain (2003); Kassar andLasserre (2004); Wirl (2006); Baker et al. (2006); Linet al. (2007); Baker and Adu-Bonnah (2008); Golub andMarkandya (2009); Goeshl and Perino (2009); Ansar andSparks (2009)damage ost unertainty: La�ont and Tirole (1996); Ulph and Ulph (1997); Pindyk(2002); Newell and Pizer (2003); Lin et al. (2007); Baker andAdu-Bonnah (2008); Blanford (2009); Bosetti et al. (2009)Market unertaintybene�t unertainty: Weitzman (1974); Arrow and Fisher (1974); Stavins (1996);Hassett and Metalf (1999); Ansar and Sparks (2009)ost unertainty: Weitzman (1974); Stavins (1996); Menanteau et al. (2003);Zhao (2003); Laurikka and Koljonen (2006); Fuss (2010)demand unertainty: Caballero (1991); Chao and Wilson (1993)Regulatory unertaintyregulatory unertainty: Larson and Frisvold (1996); Farzin and Kort (2000); Isik(2004); Baker and Shittu (2006), this thesisIndustry-wide unertaintytehnologial unertainty: Pizer (1999); van Soest and Bulte (2001); van Soest (2005);Ohyama and Tsujimura (2008); Goeshl and Perino (2009);Fuss (2010)Firm-spei� unertaintytehnial unertainty: Grossman and Shapiro (1986); Pindyk (1993); this thesisTable 2.5.: Literature studying di�erent types of unertainties and their in�uene on adeision-making institution.
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2. Basi onepts and survey of literaturethat strategi rivalry inreases the option to postpone investments. Another result is thatlarge �rms are less responsive to market unertainty. Using US �rm panel data, Baumet al. (2008) on�rm that �rm-spei� unertainty and market unertainty are signi�-ant. In partiular, �rm-spei� unertainty is more important for investment deisionsthan market unertainty. Studying UK manufaturing ompanies for the years 1972-1991, Bloom et al. (2007) �nd that unertainty generates a signi�ant 'autionary e�et'.They onlude that in times of high unertainties, �rms might respond to poliy inen-tives weakly. Ho�mann et al. (2008) develop a taxonomy for regulatory unertainty thatthey apply to the European Emission Trading Sheme launhed in 2005. They estimatethat regulatory unertainty has a signi�ant impat in all four ategories. Unertaintiesonern the basi diretion of regulation, measures and rules, the implementation proess,as well as interdependenies. Johnstone and Hasi (2009) also study the impat of regu-latory unertainty using the World Wide Statistial Database PATSTAT from 2008. Themore unpreditable environmental and tehnology poliies are, the smaller the indued-innovation e�et, and the longer investments are postponed. Moreover, unstable poliiesan reate market unertainty. Finally, Lensink (2002) �nds evidene for a non-linearinvestment-unertainty relationship providing an explanation for the ambiguous �ndingson the sign of the relationship. In a quantitative ase study of the Finnish eletriitysetor, Laurikka and Koljonen (2006) analyse the in�uene of the European EmissionTrading sheme (EU ETS) on investments under unertainty of the baseline fuel prieand the prie of emission allowanes. Investors have the option to swith investmentsbetween oal-�red plants and gas-�red plants or to postpone investments. The EU ETSin�uenes the deision through output pries, the value of surrendered allowanes, op-erating hours, and the value of free allowanes alloated for installations. Unertaintyabout the impat of the EU ETS on these parameters dereases investments in gas plants.In partiular, high unertainty regarding the alloation of free allowanes is deisive forswithing to gas. Interestingly, renewable energy and nulear power plant investmentsare not a�eted by this type of unertainty.Of ourse, not all deisions under irreversibility and unertainty deisively transformthe system or alter optimal poliies. Pindyk puts up the following ondition for environ-mental poliies: 'irreversibility will a�et urrent deisions if it would onstrain futurebehaviour under plausible outomes' (Pindyk, 2007, p. 56). Even though irreversibili-ties and unertainties alone do not ause market failures, one might argue that poliiesould aim to redue unertainties and hene lessen their impat on environmental andknowledge externalities. Indeed, instruments like �utuation margins, safety valves, orguaranteed pries aim for this. See e.g. Goulder and Parry (2008) for a disussion. How-ever, suh kind of poliies lead to a trade-o� between adjusting poliies with the arrivalof new information and not ausing poliy unertainty themselves. Furthermore, poliiesalso ontain large irreversibilities making poliy failures ostly. Still, Aghion et al. (2009)argues in favour of the ommon 'environmental autionary priniple' stating that inativ-ity might also not be an option. Nordhaus and Popp (1997) derive the value of resolvingunertainty within a global warming model. It an be used to get an understanding of therelevane of unertainties in this ontext. Nordhaus and Popp (1997) onsider unertaintyabout the slowdown in the growth of population and prodution, the aumulation rate33



2. Basi onepts and survey of literatureof green house gases, limate feedbaks, time preferenes, the output rate of green housegases, and the osts of mitigation. They �nd that these parameters ause substantialunertainty about limate hange osts and bene�ts as well as optimal poliy responses.Finally, Nordhaus and Popp (1997) estimate the value of perfet foresight. Knowing allabout 2045 already today (1995) is worth between 45 and 108 Billion US dollars. Mostvaluable is information about limate hange damages followed by resolved unertaintyabout the emission redution osts, the relationship between temperature and arbondioxide, the growth in population, the de-arbonisation rate, the atmospheri retentionrate of arbon-dioxide, and the future growth in produtivity. Nordhaus and Popp (1997)estimate that resolved unertainty involving behavorial and soial sienes aounts for85 % of the total value, whereas unertainties involving natural sienes ontribute 15 %.Therefore, it is useful to better understand the impat of environmental poliies oninvestment deisions towards green tehnologies. Unertainties most relevant in thisontext are apparently those onneted with the eologial system, e.g. the impat oflimate hange and ost of mitigation measures, as well as unertainties ourring withinthe stages of innovation. Indeed, the optimal poliy strongly depends on and varies withthe available knowledge about the tehnologial progress. Conerning eologial uner-tainty, parameters and shapes of damage ost funtions are largely unertain (Pindyk,2007). Also not known is the probability distribution for atastrophi events as well asfuture soial disount rates. Regarding the innovation proess, some unertainties arelikely to be more relevant in one stage than in another. Earlier stages in the innovationproess are more in�uened by supply-side fators suh as input pries, output pries,poliy parameters, tehnial unertainty, and market power. But for the di�usion of en-vironmental tehnologies demand-side unertainties are more deisive.41 Here, the mostrelevant irreversibilities are sunk ost of poliy intervention, sunk ost of omplying withpoliy measures, and sunk ost of investment deisions.2.3.2. Green tehnologial progress, unertainty, and environmental poliyIn a seminal paper studying the impats of unertainty on the hoie of quantity andquality instruments, Weitzman (1974, p. 482) states an important result of a two-periodmodel:In the presene of unertainty, prie and quantity instruments transmit entralontrol in quite di�erent ways. It is important to note that by hoosing a spei�mode for implementing an intended poliy, the planners are at least temporarilyloking themselves into ertain onsequenes. The value of η and θ are at �rstunknown and only gradually, if at all, beome reognized through their e�ets.After the quantity q̂ is presribed, produers will ontinue to generate that as-signed level of output for some time even though in all likelihood
B1(q̂, η) 6= C1(q̂, θ) .41See also Setion 2.1 for the drivers of green tehnologial progress.34



2. Basi onepts and survey of literatureIn the prie mode on the other hand, q̃(θ) will be produed where exept withnegligible probability
B1(q̃(θ), η) 6= C1(q̃(θ), θ) .Thus neither instrument yields an optimum ex post. The relevant question iswhih one omes loser under what irumstanes.Here, η is the random variable in the funtion desribing expeted bene�ts B1. θ is therandom variable in the expeted ost funtion C1.As marginal bene�ts do not equalise marginal osts, both poliies are not �rst bestpoliies when unertainty and irreversibility are present. The ranking of the instrumentsdepends on the slope and struture of bene�t and ost funtions.Weitzman (1974) assumes a quadrati form for both. After the poliies have been�xed, agents hoose their optimal output depending on the stohasti prie. Outputsare denoted by q̃ in ase of the prie and q̂ in ase of the quantity regime. In order toompare the two regimes, Weitzman (1974) studies the expeted omparative advantageof the poliies

∆ = E [B(q̃(θ), η)− C(q̃(θ), θ)− (B(q̂, η)− C(q̂, θ))] , (2.1)with E being the expetation value operator. The transformation of ∆ and the exeu-tion of the expetation value yields the interesting �nding that the ranking of the poliyregimes under unertainty is ambiguous. Why is this so? First, let us only onsiderunertainty of bene�ts. In this ase, outputs are the same under both poliies as or-responding marginal osts are not in�uened by this type of unertainty. But addingost unertainty introdues asymmetry to the deision problem. In the quantity regime,marginal osts beome unertain. In the prie regime, the output level q̃ beomes uner-tain.42 It turns out that the slope of marginal bene�t and ost funtions is the deisiveparameter for the poliy ranking as
∆ =

σ2

2C ′′2
(B′′ + C ′′) =

{
> 0 if |B′′| < |C ′′| ,
< 0 if |B′′| > |C ′′| , (2.2)where σ2 is the variane in relation to θ. Note that B′′ < 0 and C ′′ > 0. Therefore, ifexpeted marginal bene�ts are relatively �at in omparison to expeted marginal osts,the prie instrument results in smaller deadweight losses (see the left-hand side in Fig.2.4). The in�uene of θ on atual bene�ts is relatively small even for a broad marginof ost �utuations. Thus, the optimal output-bias in the prie regime is relativelysmall when omparing optimal levels before and after the resolution of unertainty. Theopposite is the ase if expeted marginal bene�ts are relatively steep (see the right-handside in Fig. 2.4). The deadweight loss in the quantity regime dereases, whereas it42Weitzman (1974) makes a quadrati approximation. He heneforth allows only small �utuations of

q̃(θ) around q̂. This leads to bene�t funtions and ost funtions that are dependent on q − q̂, only.Their expeted marginal values are then denoted by C′ = E[C1(q̂, θ)] and B′ = E[B1(q̃, η)]. Theseond derivative desribes the slope of these funtions.35
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Figure 2.4.: Deadweight loss of prie and quantity instruments under unertainty. Soure:Pizer (1997), p.5.inreases in the prie regime. This time, bene�ts are more sensitive to the stohastiparameters. But the resulting broad margin has only a small impat on the optimaloutput. Thus, the unertainty result under the quantity regime is relatively lose to theoptimal poliy when assuming ertainty.Subsequent to the publiation of Weitzman (1974), the impat of unertainty and ir-reversibility on the e�ieny of poliy instruments has been subjet to several studies.In what follows, we will review reent theoretial literature with respet to 1) the hoieof the poliy instrument, 2) the intensity of environmental poliy, 3) the timing of en-vironmental poliy, 4) the impat of poliy unertainty, and 5) unertainty of the greentehnologial progress. Tables in Appendix A.1 summarise the review.1. Choie of environmental poliy under unertaintyWeitzman's omparison of pries vs. quantities has been extended by Stavins (1996),who allows for orrelations between ost and bene�t unertainties, and Newell and Pizer(2003), who develop a time-ontinuous model. Stavins (1996) �nds that ovariane anhange the ordering. In ase of a positive orrelation, quantity instruments are favoured.In ase of a negative orrelation, prie instruments are the better hoie. The size of thise�et is proportional to the orrelation parameter and the magnitude of osts and bene-36



2. Basi onepts and survey of literature�ts. In addition to theoretial analysis, Stavins (1996) performs a numerial appliationwith realisti parameters, yielding the preferene of quantity instruments. Newell andPizer (2003) on�rm the deisive impat of slopes of marginal bene�t and ost funtions.They study the evolution of the stok of a regulated good under time-orrelated osts.Quantity instruments perform better for lower stok deay rates, lower disount rates,higher rates of bene�t growth, and higher orrelation in osts aross time. Pizer (1999)ombines eonomi, limate, and trend models43 with eonomi and limate hange uner-tainty44. He �nds that taxes are preferable over output ontrols sine marginal damagesare relatively �at and the orrelation with marginal osts is negative.Zhao (2003) studies a �titious soial planner who maximises the aggregate �rm pay-o�s under two poliy regimes - tradable abatement taxes and tradable emission per-mits setting an industry-wide abatement level. Unertainty of the permit prie leads tostohasti abatement osts. Under both poliies, ost unertainty hampers investments.But tradable permits are preferable over abatement taxes.van Soest (2005) studies the deision of a single �rm to adopt a new energy-e�ienttehnology when its arrival at the markets is not known. Environmental poliy is spei�edas non-tradable quotas and per-unit taxes on the use of energy. In a real options model, hederives the optimal adoption time and �nds that the ranking of the poliy instruments isambiguous. If the poliy instrument is less strit, the tehnology will be earlier adoptedin the quota regime. If the intensity of the poliy instrument inreases, the adoptionlag is smaller for the tax regime. In Setion 3.5 of this thesis, we develop a sequentialinvestment model in whih tehnologial progress is not exogenous but a funtion of the�rm's R&D investment e�orts. Analysing the impat of the same poliy instrumentsas van Soest (2005), we �nd that the value to invest inreases with unertainty. Theranking of the poliy instruments is also ambiguous in our model. Only if the level ofpoliy stringeny is very low are energy taxes the better hoie in terms of induingenergy-saving R&D investments. We furthermore analyse a ap-and-trade instrumentfor the use of energy. This instrument dominates the quota instrument.Bosetti et al. (2009) perform a simulation of a global limate-eonomy, whih yieldsthe result that investments in energy-e�ieny R&D an be higher under a tax poliy.But what matters is the way the new tehnology improves the environmental balane45.For example, investments in renewable energies are higher in a ap-and-trade regime.Conluding, when unertainty and irreversibility are present neither quality nor quan-tity instruments lead to �rst-best alloations. Cost and bene�t unertainties slow down43The eonomi model desribes the development of outputs, apital stoks, and onsumption. Thelimate model omputes the onentration of emissions as well as the new temperature. The trendmodel onsiders exogenous hanges in produtivity, population, and the ratio of emissions per output.44Eonomi unertainty (labour produtivity and onsumer preferenes) is expressed in a joint likelihoodfuntion desribing the distribution of historial data (1952-1992 U.S. Worksheets) and exogenousshoks of labour produtivity. The development of the likelihood funtion is onditional on themodel parameters, i.e. the probabilities are being up-dated aording to a Bayesian rule. Climateunertainty is modelled by stohasti shoks of the growth rate, limate impats, ontrol osts anddamages, and long-term growth trends.45For further details, see also Subsetion 2.3.2, item 5, on optimal environmental poliy under unertaingreen tehnologial progress. 37



2. Basi onepts and survey of literatureinvestments as they reate an inentive to wait for the resolution of unertainties. Thesituation is di�erent if information an be atively obtained, e.g. by undertaking R&D,thereby resolving tehnial unertainty. In this ase, investments would be aelerated.The ranking of quantity and quality instruments is ambiguous. The relative advantageof an instrument depends on 1) the relative slopes of marginal bene�t and ost funtions(if marginal bene�ts are relatively �at, then prie instruments are preferable), 2) the or-relation between bene�ts and osts (if the orrelation is negative, prie instruments arepreferable), and 3) the stringeny of the poliy instruments. Using realisti parameters,there is a tendeny to prefer tradable quotas over non-tradable quotas and quotas overtaxes.2. Intensity of poliy instruments under unertaintyNext, we will summarise ontributions that add to a better understanding of the optimalintensity of a poliy instrument under unertainty and irreversibility.Kolstad (1996) uses a ombined eonomy-limate model. In his global growth model,a soial planner maximises the expeted net present value of the per-apita utility for arepresentative onsumer. Unertainty is resolved by learning as time goes by46 desribedvia a 'news probability vetor' of world state variables. This vetor is ontinuously up-dated aording to the learning history. Results of the model are twofold. First, in theabsene of limate hange irreversibilities (emission stok e�ets are irreversible), uner-tainty and learning about emission stok e�ets are not the dominating fators. Seond,in the presene of unertainty and learning, irreversible poliy osts (sunk apital to on-trol emissions) lead to lower ontrol levels. Kolstad (1996) interprets this �nding in twodi�erent ways. If learning is fast and hene unertainty an be resolved quikly, poli-ies should 'go slow' and hoose a low intensity of the environmental poliy instrument.The seond interpretation is that temporary arbon taxes are preferable over permanenttaxes.Ulph and Ulph (1997) explore the relevane of irreversibility in global warming mod-els. In their two-period model, osts about environmental damages are stohasti. Ir-reversibility of environmental damages implies that the stok of greenhouse gases in theseond period annot fall below a ertain fration of the stok in the �rst period. Theyderive a set of riteria for whih irreversibility e�ets should hold. The riteria are testedin an empirial multi-period model. Similar to Kolstad (1996), Ulph and Ulph (1997)�nd that an anti-irreversibility e�et holds in many ases. The abatement level should belower if more information about damage ost is revealed over time. However, the modelalso shows that suh an e�et is absent if the disount rate is low and unertainty is high.Fisher and Narain (2003) ontinue this disussion by introduing endogenous damagesfrom the stok of greenhouse gases (GHG) to the two-period model. This means thatthe probability of warming and resulting damages are a funtion of the GHG stok. Thesheme of learning about the osts of global warming and the de�nition of irreversibilitiesare di�erent from Kolstad (1996) and Ulph and Ulph (1997). Abatement osts are sunk46Kolstad (1996) di�erentiates between ative learning by observation, purhased learning through R&Dexpenditures, and autonomous learning with passing time (Bayesian learning).38



2. Basi onepts and survey of literaturebeause they are lost for other purposes. Learning in their model is suh that the soialplanner makes observations in the beginning of the seond period. A limate event mayour or not, e.g. the global temperature ould inrease strongly. The soial planner anobserve if the impat of suh an event on abatement osts is low or high. Fisher andNarain (2003) �nd that the optimal abatement investment in the �rst period is alwayshigher if unertainty of environmental damages is endogenous and not exogenous. Thereare two reasons for this. First, lower risks for global warming yield higher welfare gains.Seond, the probability of warming inreases in the seond period if emissions in the �rstperiod are high. A numerial simulation using parameters from the DICE limate modelallows the quanti�ation of the role of irreversibilities. The irreversibility e�et of sunkinvestments is substantially larger than that of GHG aumulation.Wirl (2006) analyses the relationship between global warming aused by burning fossilfuels, unertainty of the global temperature, and two kinds of irreversibilities (aggregationof CO2 emissions and stopping CO2 emissions). A soial planner hooses the level ofemissions that maximises the sum of expeted bene�ts from burning fossil fuels andexpeted osts of global warming. There is a ritial value for the temperature at whihexpeted osts equal expeted bene�ts. Above this ritial value, it is optimal to refrainfrom all emission. Hene, the soial planner will not inrease emission levels to triggeran inrease in the temperature beyond this value. The lower the hosen emission level,the striter environmental poliies are. Considering an irreversible aggregation of CO2emissions, the ritial temperature threshold is lower than that of the reversible problem.Considering the option to abandon fossil fuels for some time with the possibility of a laterre-introdution (reversible stopping of emissions), the ritial temperature threshold iseven lower. Similarly, a simulation in Pizer (1999) yields the result that unertaintiesraise the optimal level of emission redution. Half of this e�et is aused by the in�ueneof future disount rates. Corresponding welfare gains are about 30 % higher than in thedeterministi model.Baker et al. (2006) develop a two-period model to �nd the optimal level of globalR&D investments under unertainty of the impat of limate hange. They onsiderdi�erent R&D programmes depending on how the global prodution funtion is a�eted,e.g. onstant emission redutions, emission ost redutions, and emission redutionsproportional to the output level. The optimal R&D strategy resulting from the analytimodel is fed into a DICE model. The ombined model yields the result that poliyis seldom able to hedge against unertainty. Poliies should instead aim to push theprobability for a tehnologial advane.Golub et al. (2009) perform Monte Carlo simulations to study ombined exogenousunertainties, e.g. unertainty of the feedbak of the limati system, limate sensitivity,and temperature damage osts. They obtain a global distribution for potentially avoideddamages and for sunk mitigation osts. Remarkably, osts are not ompensated by thebene�ts. This suggests that the poliy target of 450 ppm CO2 onentration is too stritand not e�ient. But the distribution of potential damages has a fat tail implying thatatastrophi events are more likely. Therefore, even though a striter poliy target ismore expensive, it is onneted with lower risks.Summarising this setion, a general result an be noted. Two kinds of irreversibilities39



2. Basi onepts and survey of literatureare opposing eah other - the irreversibility of environmental damages (implying striterenvironmental poliies) and sunk osts of environmental poliy instruments (implying alower poliy intensity). The relative dominane of one and its impat depend on themagnitude of unertainties, the prospet of learning, and the disount rate. There is atendeny to opt for a higher intensity of present poliy instruments if 1) this later onopens up �exibilities, if 2) learning ould be aelerated and hene future poliies wouldbe better adjustable, and if 3) hedging the risk of a atastrophe ompensates ine�ieniesof too strit poliies.3. Optimal timing of environmental poliy under unertaintyAfter presenting an overview of the optimal hoie and intensity of pollution ontrolinstruments, we now turn to optimal timing problems of environmental poliies. Anearly ontribution is Arrow and Fisher (1974). Assuming unertainty of developmentand preservation osts, the authors �nd that an optimal poliy hesitane to start an ir-reversible development, beause maintaining �exibility and waiting for more informationhas a value in itself.Pindyk (2002) develops a real options model for the optimal timing of a one-timeenvironmental poliy with two opposing irreversibilities. First, environmental poliy im-poses sunk osts on the soiety. Thus, postponing a regulation is rational. Seondly,immediately ating is of bene�t for the environment. The evolution of the pollutionstok as well as environmental osts and bene�ts are unertain in the model. Pindyk(2002)'s model yields the result that a large unertainty of bene�ts inreases the optionto wait with poliy intervention. Furthermore, the smaller the variane in the pollutionstok, the higher regrets are in the in ase that damages are lower than expeted. This'good news priniple' raises the ritial value for the amount of pollution above whihan environmental poliy will be adopted. But the ritial value dereases the higherthe initial pollution stok is. Lin et al. (2007) extend Pindyk's (2002) model by allow-ing for orrelations between the unertainties. Furthermore, sunk osts are quadrati.These assumptions inrease the ritial threshold value in omparison to Pindyk (2002).Hene, poliy tends to wait even longer with an intervention. An extension of Pindyk's(2002) model for strategi e�ets and random tehnologial improvements is publishedby Ohyama and Tsujimura (2008). If only strategi e�ets are onsidered, two ompetingagents will adopt an environmental poliy simultaneously. The ritial threshold valuefor intervention is higher than in the model with only one agent. In the ase of unertaintehnologial progress, inentives to beome the �rst mover exist.The optimal strategy of a soial planner is studied by Baranzini et al. (2003). Thesequential investment model takes into aount unertainty in the ratio of bene�ts andosts assoiated with global warming. Baranzini et al. (2003) �nd that the risk of a atas-trophe inreases the probability of an immediate poliy implementation. Furthermore,the lower the disount rate, the earlier environmental poliies are adopted.In sum these studies show that the optimal timing of environmental poliy depends onthe type of irreversibility. Irreversible environmental damages all for an earlier adoption,whereas sunk osts of poliy intervention postpone ativities. The time lag loses if the40



2. Basi onepts and survey of literaturedisount rate dereases, if unertainty is high (low) about environmental damages (poliybene�ts), and if the orrelation between unertainties is small. Finally, the probabilityof a atastrophi event shifts the optimal timing towards the present.4. Impat of poliy unertaintyEnvironmental poliy itself an also be a soure of unertainty. The onsequenes of thistype of unertainty is the topi of this setion.Larson and Frisvold (1996) explore a �rm's investment deision when the polluting in-put is taxed. In the �rst period, the �rm hooses its optimal amount of fator-augmentingR&D in order to improve its tehnologies. The �rst tehnology utilises a polluting input,whereas the seond tehnology makes use of an environmentally benign input. At thetime when the investment hoie is made, neither the market pries nor the pollutiontax are known. In the seond period, the �rm observes the realisations of the unertainquantities. Using this knowledge, the �rm now maximises pro�ts from the produtionwith the two inputs, thereby utilising the new fator e�ienies that result from theR&D investments in the �rst period. The e�et of unertain taxes depends on how newtehnologies alter the demand for the polluting input in the seond period. This issueis ompliated as the demand depends reursively on the elastiity of pries. To under-line: if tax unertainty inreases, the �rm avoids investing if investing implies a lowerresponsiveness to future prie hanges.Farzin and Kort (2000) study the impat of unertain per-unit emission taxes. Whenthe �rm invests in abatement tehnologies, less emissions per unit of output are produed.The environmental damage is assumed proportional to the output level. The latter ishosen by maximising the net present value of the �rm's future ash-�ows from produingand/or investing in emission abatement. Farzin and Kort (2000) onsider two kinds ofpoliy unertainty - an unertain inrease in the size of the tax at a ertain time (jumpto a lower or higher level) and a ertain tax inrease at an unertain time. They derivea ritial value for the tax rate above whih investments always derease. Below thatvalue tax unertainty hampers investments ompared to the deterministi ase. In aseof an unertain size of the emission tax, the model yields the result that investments areaelerated before an expeted inrease of the tax rate ours. But at the time whenthe tax is hanged, the level of investment depends on atual tax realisations. If thehange in taxes is lower than expeted, a lower investment rate is hosen. In ase of anunertain timing of a tax raise, investments are aelerated in order to avoid upominghigher osts. This e�et is stronger the more redible the poliy ommitment is. Finally,Farzin and Kort (2000) show that the optimal timing problem with an unertain taxinrease annot be simpli�ed by assuming a ertainty-equivalent disount rate.Baker and Shittu (2006) argue that the results are sensitive to how abatement in-vestments a�et the level of emissions. They di�erentiate between R&D investmentsinto arbon-based tehnologies and alternative tehnologies. The latter result in ostredutions, i.e. the prie bias between arbon-based tehnologies and non-arbon basedtehnologies dereases. R&D investments into arbon-based tehnologies lead to loweremissions per unit of output. Baker and Shittu (2006) study a two-period model. A single41



2. Basi onepts and survey of literature�rm an produe and perform R&D at the same time. In the �rst period, the �rm hoosesthe optimal level of its R&D expenditure not knowing the size of taxes. In the seondperiod, after observing the atual tax level, the �rm maximises its prodution. A mainresult is that R&D e�orts do not inrease monotonially with an expeted arbon tax.R&D investments depend on the elastiity of substitution between non-arbon energyand arbon-energy. If the substitution of elastiity is high enough, R&D into alternativetehnologies inreases. But R&D e�orts derease if both inputs are not good substitutes.For the ase that it is optimal to invest in arbon-tehnologies, investments inrease aslong as the tax rate is lower than a ritial threshold value. Furthermore, Baker andShittu (2006) �nd that investment inentives are low if the probability of a high tax issmall. The risk of a tax raise expands investments into alternative tehnologies if theelastiity of substitution is high, and ontrats investments if low.Isik (2004) onsiders unertainty of ost-share subsidies studying the impat on theadoption of site-spei� tehnologies. Suh tehnologies are, as an example, relevant forfarmers optimising the use of fertilisers. Farmers have the hoie between ontinuing witha onventional tehnology or investing into the site-spei� tehnology. The investmentis irreversible. Related osts and bene�ts are unertain. A �rst �nding is that higherost-share subsidies are needed to ompensate the impat of unertainty. Otherwise, thefarmer has an inentive to postpone investments. A seond �nding is obtained onsideringpoliy unertainty, i.e. the government an swith between a regime granting subsidiesand one in whih there is no poliy support. Investments are best indued if ost-sharesubsidies are immediately installed and if poliy ommits to a soon withdrawal.Summarising this setion, unertainty of poliies generally reates an inentive to post-pone investments. However, the better a �rm is able to realise advantages from investingin abatement measures, the earlier it will invest. The latter is the ase if the �rm expetsa soon withdrawal of ost-share subsidies or an up-oming tightening of environmentaltaxes or standards. Better adjustment possibilities of the �rm, e.g. a high substitution-ability of polluting inputs, promote investments in the same way.5. Optimal environmental poliy under unertain tehnologial progressGreen tehnologial progress in itself is highly unertain. We will disuss in the fol-lowing related onsequenes. A ouple of ontributions analyse impats on the soialoptimal level of environmental R&D and/or abatement investments (Ohyama and Tsu-jimura, 2008; Baker and Adu-Bonnah, 2008; Bosetti and Tavoni, 2009; Bosetti et al.,2009; Goeshl and Perino, 2009; Blanford, 2009). Optimal tehnology adoption from theperspetive of a �rm or a setor is the fous of Chao and Wilson (1993); van Soest (2005);Ansar and Sparks (2009), as well as Fuss (2010) whereas, this thesis explores a �rm'sR&D ativities.The majority of ontributions assume that the tehnologial advane is exogenousleading to diret ost redutions (Baker and Adu-Bonnah, 2008; Bosetti and Tavoni,2009; Goeshl and Perino, 2009; Blanford, 2009; Fuss, 2010) or e�ieny inreases (vanSoest, 2005; Ohyama and Tsujimura, 2008; Goeshl and Perino, 2009). Chao and Wilson(1993) de�ne tehnologial advane impliitly by assuming a dereasing industry-wide42



2. Basi onepts and survey of literaturedemand for emissions with time. An endogenous approah is undertaken by Ansar andSparks (2009) and Bosetti and Tavoni (2009) who model the tehnologial progress atan aggregate/global level. An endogenous approah at �rm-level is studied in this thesis.Tab. 2.6 gives an overview of the formalisation of unertain green tehnologial progressin the di�erent ontributions.One of the earliest ontributions is Chao and Wilson (1993) who develop a real optionmodel to study the impliations of the 1990 U.S. Clean Air At. Environmental poliy setsan annual quota on unsrubbed emissions. Firms have the possibility to buy additionalemission allowanes or to invest in srubbers. But the srubbing apaity is onstrained.Chao and Wilson (1993) study the e�et of unertainty of the industry-wide demand foremissions. This demand in�uenes the allowane prie and the industry-wide abatementinvestments. The model yields the result that the market prie of emission allowanesan be larger than the marginal osts of installing a srubber, and that this di�erenean be substantial. It illustrates the �exibility of emission allowanes in omparison tothe risk of sunk investment osts. Unertainty of the future demand for emissions lowersinvestments as it drives the market prie of allowanes.As disussed in the previous setions, results an vary depending on the assumedtype of a tehnology. Di�erent types of tehnologies are explored in Baker and Adu-Bonnah (2008); Blanford (2009); Bosetti and Tavoni (2009), and Goeshl and Perino(2009). Baker and Adu-Bonnah (2008) study how the suess probability of an R&Dprogramme47 in�uenes its optimal amount of funds. Eah programme aims to ahieve aprior set target for tehnologial hange. Progress either diretly redues abatement osts(in the ase of alternative tehnologies) or it redues the emission-output ratio (in thease of onventional tehnologies). Baker and Adu-Bonnah (2008) �nd that programmesfor alternative tehnologies, whih are more risky, an require an higher optimal R&Dlevel. This is the ase if the probability for severe environmental damages or tehnologi-al breakthroughs is small. But optimal investments into arbon-tehnologies are almostindependent of the programme risk.48 This is due to the large share of arbon-basedtehnologies in the markets. Thus, already inremental improvements substantially re-due environmental burdens lowering the programme risk. Therefore, it is important toinrease the market share of alternative tehnologies. However, Baker and Adu-Bonnah(2008) also �nd that the spread of alternative tehnologies in the markets is only a-elerated if environmental damages are severe. A similar result is found in Blanford(2009). The author performs simulations in an energy-eonomy model49 analysing theoptimal alloation of investments into three di�erent R&D programmes. He onsidersperformane improvements in the generation of fossil-based eletriity, ost redutions47Baker and Adu-Bonnah (2008) apture unertainty in tehnologial hange by allowing for threepossible R&D outomes: a radial breakthrough at whih abatement is possible at no osts, an R&Doutome that just meets expetations, and a total failure. The probability at whih these outomesare realised desribes the risk of the R&D programme (high risk, low risk).48The robustness of results from the stohasti growth model is heked in a simulation with DICE.49The 'model for evaluating regional and global e�ets of GHG redution poliies' MERGE is an inter-temporal general equilibrium model with 9 maroregions ombining top-down elements (neolassialoptimal growth model) and bottom-up elements (spei�ation of energy-input). See Blanford (2009).43



2. Basi onepts and survey of literatureContribution Desription of green tehnologial progressImpliit modellingChao and Wilson (1993) industry-wide demand for emissions depends on a random vari-able; in the ase of tehnologial advane, demand dereasesExogenous arrivalvan Soest and Bulte(2001); van Soest (2005) energy e�ieny parameter following a Poisson proessOhyama and Tsujimura(2008) redution of the ost of environmental poliy following a PoissonproessBaker and Adu-Bonnah(2008) redutions in abatement ost depend on the risk of the R&Dprogramme (as expeted, breakthrough, failure)Bosetti and Tavoni(2009) redutions in abatement ost of bakstop tehnologies answith between suess or failureBlanford (2009) parameterised knowledge prodution funtion with optimisti& pessimisti tehnology paths lowering global abatement ostsGoeshl and Perino(2009) probability to invent either a bakstop tehnology or aboomerang tehnology, passive learning inludedFuss (2010) tehnology improvements following a Poisson proess; dereas-ing investment osts for non-arbon tehnologiesEndogenous progressAnsar and Sparks(2009) drift parameter of the tehnology bene�t is linked to theindustry-wide adoption rate leading to ost redutions andlonger life-time (learning by doing)Bosetti et al. (2009) energy R&D inreases the stok of knowledge improving globale�ienies & reduing osts (low-tail distributed produtivity)this thesis learning by performing R&D (Brownian motion)Table 2.6.: Conepts of modelling green tehnologial progressof renewable energies, and the viability of CCS tehnologies. Tehnologial progress isembodied in a parameterised knowledge prodution funtion with dereasing returns tosale. The prodution funtion depends on tehnology paths (pessimisti/optimisti),beliefs about future poliies, and total budget onstraints. Tehnology paths are derivedfrom expert interviews and are mathed to empirial data. Only on the optimisti pathare the 'hallenging' poliy goals ahievable. The model also inorporates a lag in theadoption of available tehnologies. Blanford (2009) �nds that the soial value of tehno-logial progress strongly depends on the market shares of tehnologies. He onludes thatpoliies should diversify the R&D portfolio in order to aount for the harateristis ofdi�erent tehnologies.Bosetti and Tavoni (2009) explore the di�erene between investments in traditionalarbon-free tehnologies, e.g. �ssion, and arbon-free bakstop tehnologies, e.g. wind44



2. Basi onepts and survey of literatureenergy. The latter are subjet to unertain R&D outomes. In the model, a soialplanner minimises osts to meet a arbon emission target. This is done by hoosingthe optimal amount of investments into both types of tehnologies, thereby determiningthe shares of the tehnologies in reduing global emissions. Bosetti and Tavoni (2009)�nd that tehnologial unertainty leads to higher optimal R&D levels and lower poliyosts. Furthermore, onservative non-arbon tehnologies also play an important role.These tehnologies are able to hedge downside risks of R&D investments into renewablealternatives. Therefore, given suh a bakup, R&D programmes an be e�ient regardlessof high or low suess probabilities. In a ombined simulation of their model with thelimate model WITCH50, analyti results of the two-period model are on�rmed.Goeshl and Perino (2009) study the interplay between bakstop and boomerang teh-nologies. In eah period, one of these tehnologies an be invented. A bakstop tehnol-ogy is able to solve all environmental problems. A boomerang tehnology reates a newtype of aumulating pollutant. But boomerang tehnologies are still onneted with anadvantage. In the beginning, the new stok of pollutants is zero. The time-ontinuousstohasti optimisation model is solved in the following way. First, the optimal R&Dpoliy and subsequently the optimal environmental poliy are determined. The formerequalises marginal bene�ts of a tehnology and marginal osts from the tehnology's stokof pollutants. Environmental poliy maximises the soial welfare by omparing the ben-e�ts of all tehnologies with environmental damages. The �rst result is that step-by-stepinvestments are preferable over a strategy that pulls out all resoures at one, beauseboomerang tehnologies relieve environmental burdens - at least for a while. Therefore,many boomerang tehnologies an substitute a bakstop tehnology implying that R&Dis not anymore driven by environmental onerns. Also note that investments are im-mediately stopped if a bakstop tehnology is invented. The seond result of Goeshland Perino (2009) is that it is optimal to limit the number of tehnologies. This alls forredued R&D rates. The bakground is that higher rates an aumulate environmentalburdens in the future. This is in partiular the ase if a ouple of boomerang tehnologieshave already been disovered. But if the probability of inventing a ertain tehnologytype is not known, even a small inrease in the expetation to invent a bakstop tehnol-ogy aelerates investments signi�antly. Goeshl and Perino (2009) onlude that thepossibility of a breakthrough inreases in the ase that the government primarily fundsbasi researh. Finally, the soiety has to exept higher equilibrium pollution stoksunder the optimal investment strategy. This is a part of the soial osts.Bosetti et al. (2009) ompare the optimal amount of energy related R&D investmentsunder a ap-and-trade regime with the optimal hoie of an emission tax regime. In the50The World Indued Tehnial Change Hybrid model WITCH is a ombination of top-down elementswith bottom-up elements. The model is de�ned for 12 maroregions of the world. Soial plannersmaximise interdependently the per-apita onsumption in their regions by hoosing optimal apitalstok investments, the R&D expenditure for energy tehnologies, and the onsumption of fossil fuels.The model distinguishes between an eletri and a non-eletri use of energy. Oil, natural gas, oal,uranium, traditional biomass, and biofuels are the six power-generating tehnologies. Irreversibilityis expressed as a limitation in the substitutionability of the tehnologies. See Bosetti et al. (2009) fordetails. Adoption lags are also inorporated. 45



2. Basi onepts and survey of literatureformer, eah region reeives emission rights. In the tax regime, emissions are subsidised(taxed) if the atual amount of emissions is below (above) the ap set in the ap-and-trade regime. Marginal abatement osts are assumed to be the same world-wide. Thesimulation with the WITCH model yields the result that investments are higher underthe tax poliy. Bosetti et al. (2009) also study the dependene of this result on thetype of tehnology. They �nd that investments in renewable energies are higher in theap-and-trade regime. Fuss (2010) studies investment deisions in the eletriity setor.Investors an invest in fossil power plants (subjet to fuel prie unertainty) or in windfarms (subjet to an unertain arrival of tehnologial hange). The optimal investmentstrategy is to postpone investments into wind farms sine one investments are sunk,the �rm annot bene�t from further ost redutions. Thus, if further ost redutionsare expeted, the option value of waiting inreases. Finally, she �nds that tehnologialunertainty is more important than fuel prie unertainty.van Soest (2005) studies the in�uene of energy quotas and taxes on the deision of a�rm to adopt an improved tehnology. The arrival of the new tehnology is unertain.The problem is one of an optimal timing solved in a real option model.51 Environmentalpoliy takes the form of non-tradable quotas and per-unit taxes on the use of energy.The model yields the result that the ranking of the poliy instruments is ambiguous. Ifthe poliy instrument is more strit, the tehnology will be earlier adopted in the taxregime. If the intensity of the poliy instrument is low, the adoption lag is smaller for thequota regime. The adoption of tehnologies is also the fous in Ansar and Sparks (2009).They develop a time-ontinuous real options model based on Hassett and Metalf (1999).Bene�ts from the adoption are desribed as a ombined Brownian motion with a Poissonproess. The former re�ets inreasing returns from learning by doing. The latter mimisjumps aused by poliy unertainty or limate atastrophes. Ansar and Sparks (2009)derive that the rate of return that just indues investment (hurdle rate) is high. Indeed,the hurdle rate is always higher than the risk-adjusted disount rate. Ansar and Sparks(2009) argue that this an explain high impliit disount rates for the adoption of newtehnologies. The hurdle rate is a U-shaped funtion of the disount rate. For smalldisount rates, future bene�t unertainty strongly in�uenes today's deisions. This'markup e�et' is onneted with high hurdle rates. But when the disount rate slowlyinreases, the future matters less and the hurdle rate falls. This is reversed when thedisount rate reahes some ritial value; for disount rates above that value the hurdlerate inreases. This is due to the 'basis e�et' - disounting requires higher internal ratesof return. Finally, Ansar and Sparks (2009) �nd that if a severe limate atastrophe islikely, the hurdle rate drops signi�antly.There is only one ontribution studying strategi e�ets (Ohyama and Tsujimura,2008). Their model is an extension of Pindyk's (2002) model for the optimal timing ofenvironmental poliies (see also the disussion in the previous setion). The authors �ndthat the inentive to wait with poliy intervention is higher in omparison to the model51The model builds on van Soest and Bulte (2001). Tehnologial advane in that model is fator-augmenting, i.e. a new tehnology inreases the e�ieny in the use of energy. Tehnologial un-ertainty generates a value of waiting until the e�ieny parameter reahes a ritial value. Theinvestment lag is a onave funtion of the mean arrival rate of new tehnologies.46



2. Basi onepts and survey of literaturewith only one agent. This is due to the possibility of aelerated investments indued byompetition and unertainty about the tehnologial progress.Conluding, unertainty of green tehnologial progress strongly a�ets optimal invest-ment deisions at �rm, setor, and global level, beause environmental tehnologies areonneted with higher risks assoiated with their novelty and low market share. There-fore, environmental poliies, whih hedge those risks are promising. Examples for suhpoliies are the funding of basi researh or the diversi�ation of the soial R&D portfolio.2.4. Chapter summaryGreen tehnologial progress stems from eo-innovations of whih environmental teh-nologies are a part. The deision to invest in researh and development towards greentehnologies is haraterised by the following stylised fats
• The proess of R&D and its results are largely unertain.
• The planning horizon for R&D ativities is long.
• Learning is a umulative proess.
• R&D e�orts and innovative outputs are signi�antly orrelated.
• R&D investments are largely irreversible.
• Supply-side fators are more relevant for R&D investments than demand-side fa-tors.
• Cost-savings are a main inentive for researh ativities.These fats suggest points of departure for the design of theoretial models.As was illustrated in Setion 2.2, there is a need for poliy intervention in order to or-ret market failures aused by knowledge and environmental externalities. The objetiveof poliy instruments is to spur and diret tehnologial progress towards its soial op-timum. In the environmental-eonomis literature, unertainties and irreversibilities areoften negleted when evaluating the optimal hoie of a poliy instrument, as well as thatinstrument's intensity and timing. Both features have been reognised in �nanial eo-nomis as key issues sine the self-amplifying interplay of unertainty and irreversibilityin onnetion with non-linear funtionalities and long-time horizons lead to suboptimaldeisions. When studying environmental R&D investment deisions, relevant unertain-ties and irreversibilities are those ouring within the stages of innovation, with someunertainties likely being more relevant in one stage than in another. Earlier stages inthe innovation proess are more in�uened by supply-side fators suh as input pries,output pries, poliy parameters, tehnial unertainty, and market power. In the longerterm, sunk osts of investment deisions beome the most relevant irreversibilities. Con-sidering these fats and the questions left open from the literature review, we hose toinorporate sunk investment osts and two types of unertainties, whih are tehnial47



2. Basi onepts and survey of literatureand poliy unertainty, into the models we will develop in this thesis. In order to reduethe omplexity of the problem, our fous is onstraint to the investment deision of asingle �rm.In Setion 2.4.2, we disussed the state of the art in the literature on green tehno-logial progress, unertainty, and environmental poliy. The review dislosed that mostontributions study the deision problem of a soial planner fousing on poliy instru-ments that foster the di�usion of environmental tehnologies. Muh less attention hasbeen paid to the deision problem of a �rm undertaking R&D. It is of interest to analysethe extent to whih environmental poliy instruments an provide inentives for greenR&D investments. In addition, while most ontributions onsider eologial and marketunertainties, suh as unertainty of environmental impats and unertainty of osts andbene�ts, there is a lak of models exploring the onsequenes of regulatory unertaintyand unertainty of the tehnologial progress, partiularly when the progress is not ex-ogenous (see Tables 2.5 and 2.6). To our knowledge, there is no ontribution ombiningboth unertainties. Regarding formal issues, the majority of models are restrited to theanalysis of two time periods.Moving foreward from the existing literature, we will fous on R&D investment dei-sions from the perspetive of a single �rm. The �rst step will take aount of tehnialunertainty endogenous to the �rm. In a seond step, we explore how additional uner-tainty of environmental poliies a�ets the optimal R&D investment deision. A suitableapproah to inorporate these features is the theory of real options. In our implementa-tion of this theory, we will develop ontinuous-time sequential investment models goingbeyond two-period desriptions.
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3. R&D investment under tehnialunertainty3.1. Conept and formalisation of tehnial unertaintyResearh and development projets are not one-time investments but take time and mayrun several months or years. They require repeated investments, e.g. to pay researhersfor their work or to purhase and maintain installations, equipment, and devies. Thissequential harater of R&D investments allows for di�erent kinds of managerial �exibil-ities and reates option values.In order to keep the option of ontinuing the projet open, it is usually neessaryto proeed at least with a minimum investment rate. For example, researhers maybe ontrated to reeive guaranteed payments even if the R&D projet is put on thebak burner. R&D projets are also haraterised by a high degree of irreversibility. Ifthe projet is abandoned, a large share of investments will be lost. Examples for suhsunk osts inludes researhers moving to other projets or R&D equipment whih is toospei� to be re-used for other purposes.The fourth feature of R&D projets is that they involve substantial unertainty overfuture developments. This results in an unknown evolution of input fator and outputfator osts. As distinguished from other sequential investment projets, unertaintyonneted with the sienti� progress is partiularly important to R&D projets. It isdi�ult to predit if a projet will be suessful, or from a more optimisti point of view,how muh time and expenditure are needed in order to ahieve the desired researh goals.Following Pindyk (1993), we will all this type of unertainty tehnial unertainty.1Tehnial unertainty an be resolved by undertaking an R&D projet. Step by step,the �rm learns about the projet and its suess or failure probability. As this type ofunertainty is spei� to a single projet, it is endogenous to the �rm and thus indepen-dent from environmental or market onditions. Therefore, tehnial unertainty annotbe eliminated through diversi�ation.The redution of tehnial unertainty at eah investment step lowers unertaintyabout the remaining investments required to omplete the projet. Hene, this typeof unertainty reates a shadow value of the R&D projet whih makes the investment1Note that in the literature often two terms, tehnial and tehnologial unertainty, are used inter-hangeably. However, these are two di�erent kinds of unertainties that should not be onfused.One is assoiated with unertainty in a single projet. The other desribes an industry-wide uner-tainty, e.g. unertainty about the availability of spei� tehnologies in the future. Hene, Orianiand Sobrero (2008) suggest to name the former tehnial unertainty and the latter tehnologialunertainty. 49



3. R&D investment under tehnial unertaintymore attrative. To illustrate this feature of tehnial unertainty, onsider the followingsimple example of a projet with a one-time possibility to review the investment deision.For simpliity, we refrain from disounting future ash-�ows.Let us onsider a �rm that plans an initial investment of 0.5 Million EUR in orderto improve the e�ieny of a portable devie for energy storage. After half a year the�rm will review the development progress. There is a 50% hane that the projetwill be �nalised by that time. However, time ould also reveal bad news making theinvestment of another 1.6 Million EUR neessary. Suppose the �rm expets total pro�tsof 1.2 Million EUR selling the improved devies. From a lassial point of view, it isnot rational to invest at all as expeted investment osts exeed expeted pro�ts and theresulting Net Pro�t Value is negative, i.e. 1.2 MEUR - (0.5 MEUR + 0.5*1.6 MEUR) =-0.1 MEUR. However, with the option to abandon, the �rm has the �exibility to reviewthe projet and deide about its ontinuation. After the �rst investment stage, the valueof ontinuing the projet is -0.5 MEUR + 0.5*1.2 MEUR = 0.1 MEUR. Therefore, inhindsight the possibility to abandon, it would have been rational to have started withthe �rst investment step. Thus, even if the lassial Net Pro�t Value is negative, it mightbe rational to start an investment projet that involves tehnial unertainty. Classialvaluation methods, suh as the Net Pro�t Value Method (NPV), neglet the possibilityto abandon the projet when bad news ours.Tehnial unertainty an be formalised using stohasti proesses2. Sudden knowledgebreakthroughs an be desribed by Poisson proesses - the eonomi quantity dependingon tehnial unertainty will jump with a ertain probability to a lower or higher level.For example, Berk et al. (2004) use a Poisson proess to desribe an inremental tehnialprogress by assigning a suess probability to in�nitesimal researh stages. The �rm'sR&D produtivity is thereby depending on the number of ompleted stages and theumulative amount of time spent investing. Thus, tehnial learning is based on previoussuess.Another possibility is to model tehnial unertainty with ontrolled di�usion pro-esses3 whose inrements �utuate around a trend. We follow Pindyk (1993) by analysingthe e�et of tehnial unertainty on the expeted remaining investments required toomplete the projet. This expenditure is a umulative quantity denoted with K(t) andmeasured in units of a numéraire. Thus, the total ost to ompletion is a stohastivariable K̃ and K = E(K̃). In the trend, the expeted ost to ompletion K(t) delineas investments proeed with investment rate I(t). When K reahes zero, the projet is�nalised, i.e. K(T ) = 0 with T being the time needed to omplete the projet. In�nites-imal hanges in K are given by a stohasti di�erential equation
dK(t) = −I(t)dt+ g(I,K) dw(t) . (3.1)A ontinuous derease of K(t) is desribed by the �rst term of Eq. (3.1), the drift2See Appendix A.1 for a basi introdution of essential terms.3Di�usion proesses are ontinuous time parameter stohasti proesses whih possess the strongMarkov property and for whih the sample paths X(t) are almost always ontinuous funtions oftime t. This means it is relatively unlikely that large displaements our in ǫ-small time intervals.See e.g. Karlin and Taylor (1981, Chap. 15) for a de�nition and properties.50
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Figure 3.1.: Realisations of expeted investment ost to ompletion K(t).term. Flutuations around this trend are modelled by the seond term, the di�usionterm. Its stohasti inrements dw(t) are those of a Wiener proess4 w(t). They areindependent of eah other and their variane grows linearly with time. The Wienerproess is assumed to be idiosynrati, i.e. unorrelated with the eonomi environment.The expeted remaining expenditure K(t) required to omplete the projet an also beunderstood as a monetary valuation of ignorane that is being redued with investments
I(t). Flutuations around the trendline are thus unexpeted knowledge inrements (belowthe trendline) or unexpeted baklashes (above the trendline).Regarding the funtion g(I,K), the following assumptions are made. g(0,K) = 0,i.e. without investments, the expeted ost to ompletion does not hange as no newknowledge will be revealed. Aordingly, the rate of investment I(t) ontrols Eq. (3.1).
g(I,K) also needs to satisfy ∂g/∂I > 0, i.e. an inrease of K implies that the progresswas slower than expeted. In addition, the variane of the expeted ost to ompletiondereases with K, and the atual total ost will only be known for ertain one theprojet is �nalised. A ommon spei�ation of g(I,K) satisfying these assumptions is

g(I,K) = γ
√

I(t)K(t) , (3.2)where γ is a onstant, positive parameter depiting the overall tehnial unertainty.In Fig. 3.1, samples of the evolution of K(t) aording to Eq. (3.1) with spei�ationEq. (3.2) are shown.5 We assume initial ost of K(0) = 10, a onstant investment rateof I = 2, and tehnial unertainty γ = 0.5. In a world of ertainty, it would take4A Wiener proess obeys dw = ζt
√
dt where ζt is a normally distributed random variable with zeromean and unit standard deviation. See also Fig. 3.2 ( right-hand part). Thus, the expetation valueof w is E(dw) = 0 and its variane is Var[dw] = E((dw)2) = dt.5Stohasti paths are reated in a simulation solving the stohasti di�erential equation Eq. (3.1) withthe Euler-Maruyama method. ∆t was hosen as 10−5.51
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Var(K̃) =
γ2

2− γ2
K2 and γ <

√
2 , (3.3)for details see the Appendix A.3.1. To bring in the feature of R&D projets that tehnialunertainty is larger in earlier stages of the R&D projet, Kort (1998) modi�es Eq. (3.2)by introduing an additional onstant parameter δ > 0. Then, g(I,K) takes the form

g(I,K) = γ K(t)δ
√

I(t)K(t) . (3.4)We will use both spei�ations later on. 52



3. R&D investment under tehnial unertainty3.2. Review of real options literature on R&D investmentsA suitable approah to evaluate sequential researh and development projets underunertainty is to study real option R&D models. We will brie�y review the main �ndingsof this literature. There, apital investment deisions (real options) are treated similarlyto �nanial options, i.e. knowledge is seen as a strategi asset that is of value and inludesexeutable options. These business options ontribute to the value of a projet whih isnot simply quanti�able as it depends on prinipally unknown future developments. Ofmain interest is how tehnial and/or market unertainty a�ets the value of investmentprojets. In a reent review paper, Newton et al. (2004) divide researh on real R&Doptions into ten primary, partly overlapping lines: general R&D planning, planning R&Din stages, testing, the timing of new produt developments, operations, abandonment,risk sharing, market funding, industry strategy, and regulations. In this thesis, researhis onerned with R&D planning, timing, and the in�uene of poliy regulations undertehnial unertainty that an be resolved by investing in in-house researh projets.6Real option models draw substantially from the seminal works of MDonald and Siegel(1986), Majd and Pindyk (1987), and Pindyk (1993).7 MDonald and Siegel (1986)and Majd and Pindyk (1987) study sequential investment projets with stohasti bene-�ts from the projet and stohasti investment ost. With the investor having the hoiebetween waiting or investing, the optimal strategy depends on a ritial threshold for theexpeted ost to omplete the projet. While these models do not inlude tehnial risks,Pindyk (1993) develops a sequential investment model under tehnial and input ostunertainty. The basi �nding is that the value of the investment opportunity inreaseswith tehnial unertainty, whereas input ost unertainty depresses investments.8 Thesemodels have been applied to various investment deision problems, most often to phar-maeutial R&D and natural-resoure utilisation suh as the optimal exploitation of oil�elds or mines. Reent books on these appliations are, e.g., Brennan and Trigeorgis(2000) and Paxson (2003).Shwartz and Moon (2000) study four phases in the development of new drugs, onsid-ering unertainty about investment osts, future payo�s, and the possibility of a atas-trophi event able to terminate the projet. They derive ritial asset values for eahphase and analyse the dependene of these values on types of unertainty (tehnial un-ertainty, asset value unertainty) and model parameters. They �nd that unertainty6There is another broad line of researh exploring apital investment deisions when new tehnologies areexogenous to the �rm, i.e. tehnologies arrive at a random date for purhase at markets. Appliationsin environmental-eonomis are Chao and Wilson (1993); van Soest and Bulte (2001); van Soest(2005); Ansar and Sparks (2009); Fuss (2010). See Setion 2.3.2 for a disussion.7A lassial book on investment under unertainty is Dixit and Pindyk (1994).8In a time-ontinuous stohasti ontrol model, Grossman and Shapiro (1986) determine optimal R&Dinvestment paths of a single �rm when either the amount of progress is not known or there is astohasti relationship between e�ort and progress. They �nd that the prospet of more informationabout a well running projet aelerates investment e�orts. If the progress is exogenous and smallerthan expeted, the �rm might instead sale down or stop the projet. If otherwise, the progressdepends on the �rm's e�orts: bad news leaves the rate of investment unhanged. Thus, unertaintyin R&D expenses results in favouring risky projets even if the return after ompletion does notinrease. 53



3. R&D investment under tehnial unertaintyalways inreases the projet value. However, the value of investment opportunity de-pends positively on the asset value and negatively on expeted osts. Unertainty inexpeted osts (modelled as tehnial unertainty) lowers the ritial value of the optionto invest as investments reveal information. On the other hand, unertainty in the assetvalue does not improve investment onditions.Common to the aforementioned models is the treatment of investment projets asAmerian all options, i.e. the investor has the right to deide at any time about on-tinuing or abandoning the investment. However, losed-form solutions of Amerian alloptions are generally not known, instead one relies on numerial solutions or simulations.The latter transfer an Amerian all option to 'exoti' options leading to disrete ratherthan of time-ontinuous models. Shwartz (2004) solves a sequential investment modelfor patent proteted R&D projets by simulation. He onsiders ash-�ow unertainty,unertainty in the ost-to-ompletion, and the possibility of atastrophi events. The op-tion of abandoning the projet ontributes signi�antly to the projet value if unertaintyis high. Lint and Pennings (2003) among others9 relax the assumption that volatilitiesare the same throughout the projet. They separate R&D into distint phases, i.e. aresearh phase, a development phase, and a start-up phase. Eah of these phases have adi�erent underlying harateristi and have to be passed suessfully before entering thenext stage. Errais and Sadowsky (2008) study a model in whih investment osts are afuntion of unertainty and remaining stages. They �nd that learning in earlier phaseshas a ruial e�et. In a di�erent approah, Kort (1998) explores the in�uene of higherunertainty in the earlier phases of an R&D projet and also on�rms the importane ofthis feature.Mölls and Shild (2006) deal with the role of a orridor for the investment rate insteadof the usual hoie between zero-investment and investment with a maximum rate. Aresult is that a marginal inrease of the lower boundary for the investment rate reatesfurther inentives to invest with maximum e�orts. The e�et of an 'initial euphoria' (Bar-Illan and Strange, 1998) still exists, but the enthusiasm is lower, if a minimum investmentrate is introdued. Multiple R&D projets are studied by Childs and Triantis (1999).Under these onditions, the optimal researh poliy for a single �rm is to foster a leadprojet, whereas other projets are just kept alive as 'bak-ups'. However, if ompetitionis introdued, the �rm prefers to run projets in parallel. The analysis of strategi optionsunder ompetition is a researh area of reent interest. By onsidering researh spillovers,game theoreti analysis is ombined with real options theory, see Kulatilaka and Perotti(1998) among others. For example, Lukah et al. (2007) develop a two-stage R&D modelwith tehnial unertainty and strategi ations. They fous on welfare impliations, e.g.e�ets on the ost-e�ieny of new tehnologies, generating ambiguous results.In real options models, tehnology poliy typially enters the deision problem in formof R&D subsidies or taxes. Supply-side support (tehnology-push poliy) baks up R&Dinvestment osts and hedges tehnial risks. Demand-side support (market-pull poliy)aims to bolster returns from developing new tehnologies and to failitate market aess.As reviewed in Setion 3.3.2, the impat of environmental poliy on sequential investment9See e.g. the review in Newton et al. (2004). 54



3. R&D investment under tehnial unertaintydeisions of a �rm undertaking R&D has gained little attention so far. In the remaininghapters of this thesis, we will explore suh kinds of models. Next, however, we willstudy Pindyk's (1993) model with tehnial unertainty in detail to supply the basibakground and provide the benhmark for following analysis. This model is extendedand applied to R&D investments in o�shore wind parks inluding feed-in tari�s (Setion4.4). Setion 4.5 explores R&D deisions for energy-e�ient tehnologies under energytaxes, energy quotas, researh grants, and emission trading. Chapter 5 additionallyintrodues unertainty about environmental poliy into the investment problem.3.3. The basi model and its solutionIn this setion, we disuss Pindyk's (1993) basi model to solve a sequential investmentproblem under irreversibility and tehnial unertainty.Consider a �rm planning to self-�nane an R&D projet that requires time to beompleted. The projet an only be realised if all investment stages are passed suess-fully. Thus, the �rm holds a sequential all option. We assume that the major soureof unertainty is a tehnial one, expressed by the fat that the �rm an only make aprojetion about the time required and total remaining expenditure needed to ompletethe projet. Remaining investment osts to ompletion deline with a trend ontrolled bythe �rm's investment rate and �utuate around the trend due to tehnial unertainty.Atual investment ost will only be known for ertain one remaining ost to ompletionhas reahed zero (for more details see Setion 4.1). After the �nalisation of the projet,the �rm reeives ash-�ows that are assumed to be known for ertain. The model is aontinuous-time model, i.e. the �rm reviews its investment deisions onstantly and anabandon the projet at any time if the progress is not satisfying. However, one theprojet has been stopped, investments are lost and re-investment is not possible (irre-versibility feature). For simpliity, we neglet additional osts that are inurred if theprojet is abandoned (this does not hange the general results).We will denote the expeted ost to ompletion by K(t). Atual total ost K̃(t) arestohasti. Thus, K(t) = E(K̃(t)) where E is the expetation-value operator. K(T )vanishes if the projet is ompleted. T is the atual, stohasti ompletion time. Theevolution of the expeted ost to ompletion K(t) is modelled by the stohasti equation
dK(t) = −I(t)dt+ γ

√

I(t)K(t)dw(t) , (3.5)
I(t) being the investment rate at time t and dw(t) the inrement of a Wiener proess.The onstant parameter γ > 0 desribes overall tehnial unertainty. We assume thatthere is a maximum investment rate Imax at whih the �rm an produtively invest(feature 'time to build'). Thus,

0 ≤ I(t) ≤ Imax . (3.6)Now we an formulate the �rm's stohasti ontrol problem. Controlling the �ow ofinvestments I(t), the �rm aims to maximise the value of the investment opportunity.55



3. R&D investment under tehnial unertaintyIntroduing a disount rate r, this value is given by a funtion F as
F (K(t)) = max

I(t)
E0





∞∫

T

P exp(−rt)dt−
T∫

0

I(t) exp(−rt)dt





= max
I(t)

E0




P

r
exp(−rT )−

T∫

0

I(t) exp(−rt)dt



 , (3.7)also alled the value-funtion of the deision problem.10 The �rst term desribes thedisounted ash-�ows after ompleting the projet, whereby P is the onstant ash-�owper period. In sum, the �rm will hold an asset worth V = P/r. The seond term desribesthe sum of investments needed to omplete the projet. The problem is stohasti dueto the stohasti ompletion time T . Therefore, the expetation operator for the initialdeision at time t = 0, E0, rules the development of future net pro�ts. Eq. (3.7) issubjet to the onstraint of a maximum produtive investment rate Imax, Eq. (3.6), and
K(T ) = 0. The evolution of K(t) is given by Eq. (3.5).The solution of Eq. (3.7) serves as a toolbox for the �rm to deide if the investmentin the R&D projet is pro�table. It determines the optimal investment rate I(t) for eahmoment of time maximising the value funtion F (K(t)). Note that the value funtion
F (K(t)) is positive for all K(t). It is even stritly positive for all t if I(t) > 0. But
F (K(t)) is zero if it is optimal not to start with investments or to abandon the projetmidstream. Furthermore, F (K(t)) has the same struture for all t and depends only onthe starting value of K(t).The stohasti ontrol problem an be solved by di�erent methods, see e.g. Spall(2003) for an overview. In the following setions, we will solve the model by means ofstandard dynami programming tehniques and by Monte Carlo simulation.For the ase of ertainty (γ = 0) it is straightforward to obtain the following solution.11Investment with the maximum investment rate is optimal as long as the expeted ostto ompletion K are smaller than a ritial threshold K∗ whih is

K∗ =
Imax
r

ln

(

1 + r
V

Imax) . (3.8)3.3.1. Solution by dynami programmingThe rationale for the solution of stohasti ontrol problems via dynami programmingis based on Bellman's priniple of optimality statingAn optimal poliy has the property that, whatever the initial state and initialdeisions are, the remaining deisions must onstitute an optimal poliy withregard to the state resulting from the �rst deision (Bather, 2000, p. 18 �).10F (K(t)) is a short notation for F (K(t); I(t), P ). I(t) an be dropped as it ontrols K(t).11The ritial threshold K∗ for the ost to ompletion is obtained by solving Eq. (3.7) for F (K∗) = 0.56



3. R&D investment under tehnial unertaintyThe intent of Bellman's priniple is to split the problem into smaller sub-problems. Thegeneral solution is found in a bakward reursion.12 The appliation of this priniplede�nes the Bellman equation for the value funtion F (K(t))

rF (K(t)) = max
I(t)

{

−I(t) +
1

dt
E0[dF ]

}

. (3.9)The interpretation of this equation is as follows. The left-hand side expresses the dis-ounted value of the investment opportunity. This value attains its maximum if thesum of immediate payments and expeted total returns per unit time from holding theinvestment opportunity is maximised (right-hand side).Eq. (3.9) an be further evaluated using stohasti alulus. First, we apply Ito'sLemma13 to derive an expression for in�nitesimal hanges of F . We obtain
dF (K) = −I

∂F

∂K
dt+

1

2
γ2IK

∂2F

∂K2
dt+ γ

√
IK

∂F

∂K
dω . (3.10)Next, we expand this expression using a Taylor series and exeute the expetation-valueoperator. Being interested in the derivative, we trunate after the linear terms in dt.Doing so (and suppressing time arguments for simpliity), we get up to order dt2

E [dF ] = E [F (K +∆K, I +∆I|K, I) − F (K, I)]

≈ −
(

I
∂F

∂K
+

γ2

2
IK

∂2F

∂K2

)

dt+O(dt2) . (3.11)Note, ∆ is the di�erene operator and O denotes the order of approximation in Landaunotation. Inserting this expression into the Bellman equation, Eq. (3.9), gives
rF (K(t)) = max

I(t)

{

−I(t)− I(t)
∂F (t)

∂K(t)
+

γ2

2
I(t)K(t)

∂2F (t)

∂K2(t)

}

. (3.12)As this equation is linear in I(t), the maximisation an be exeuted and a �rst importantresult an be obtained: it is optimal to invest either at the maximum investment rate
Imax or not at all (bang-bang solution). Note that this simple investment poliy alsoholds if K(t) is not only subjet to tehnial unertainty but depends additionally oninput ost unertainty orrelated with the eonomy (see Pindyk (1993)). However, therule does not hold if K(t) and the projet value V (t) are subjet to unertainty and ifthese proesses are orrelated (see e.g. Shwartz (2004)).Eq. (3.12) has a free boundary K∗ that separates an investment region from a non-investment region. If the expeted remaining osts to ompletion K are smaller than12This depends on the lass of stohasti proesses involved. Di�usion proesses belong to the lassof Markov proesses. A fundamental property of Markov proesses is that future developmentsan be separated from the past ones onditional on the initial stage. The onsequene is that theprobability distribution of some xt+1 an be desribed by xt and by a deision variable at (Lagrangian

L(xt+1|xt, at, t)).13Ito's Lemma gives the di�erential of stohasti proesses dx = a(x, t)dt + b(x, t)dzt as dF (x; t) =
∂F
∂t

dt+ ∂F
∂x

dx+ 1

2

∂2F

∂x2 (dx)
2. See e.g. Pindyk (1993, Chap. 3).57



3. R&D investment under tehnial unertainty
K∗, the �rm will invest. If K > K∗, it is optimal to refrain from investment. Good (aswell as bad) surprises are not likely to indue large displaements of K. Thus, there isa ritial value whih an not be pushed by the stohasti nature of the model howeverpromising the news might be. The optimal investment rule is thus

I(t) =

{
Imax if K < K∗ ,
0 if K > K∗ .

(3.13)The free boundaryK∗(t) satis�es two boundary onditions for all t, the value-mathingondition and the smooth-pasting ondition
F (K∗(t)) = 0 , F ′(K∗(t)) = 0 . (3.14)The �rst ondition ensures that the border values of the value funtion F (K(t)) in theinvestment region and the non-investment region math. The seond ondition ensuresthat this is done smoothly, i.e. the values meet tangentially at the boundary (see Pindyk(1993) for details).Moreover, it holds that
F (0) = V , lim

K→∞
F (K) = 0 . (3.15)The �rst equation desribes the payo� from the projet one it is ompleted. The seondondition states that it is not reasonable to start the projet at all if K(t) is tending toin�nity as the value funtion F for the investment opportunity approahes zero.Next, the free boundary K∗ has to be alulated. For K < K∗, Eq. (3.12) is a seond-order ordinary di�erential equation that an be solved by eliminating its singularity at

K = 0 with the substitution K = exp(x) for I 6= 0 (see Appendix A.3.2 for details).This transforms Eq. (3.12) into a system of oupled �rst-order di�erential equations,Eqs. (A.10), a system of equations that an be solved numerially by standard shootingmethods. We use a Runge-Kutta-Merson method. The programme ode is inluded asAppendix A.3.3. Numerial results and omparative statistis for the basi model aredisussed in Setion 3.3.3. First, we explain how to solve the model by a Monte Carlosimulation.3.3.2. Solution by the Monte Carlo methodThe idea of the Monte Carlo approah is to simulate many random paths of K(t) and toderive the optimal investment poliy in a bakward reursion for eah path. The valuefuntion F (t) an then be alulated averaging variables that de�ne the optimal evolu-tion. By this method, the time-ontinuous investment model is replaed by a disreteinvestment model.The solution proedure starts with the reation of n stohasti paths for K(t) ondi-tional on investing at the maximum investment rate Imax. Stohasti Eq. (3.5) is thensolved by the Euler-Maruyama method.14 This method makes a disrete approximation14An exellent introdution to algorithms for simulating stohasti di�erential equations is Higham(2001). 58



3. R&D investment under tehnial unertainty

Figure 3.3.: Flow hart of the Monte Carlo ode to solve the basi sequential investmentmodel under tehnial unertainty.of the time-ontinuous evolution. Expeted ost to ompletion K at a point in time iand for path n take the form of a matrix equation
Kn[i] = Kn[i− 1]− Imaxdt+ γ

√

ImaxKn[i− 1] dw[i] . (3.16)The size of dt is given by dt = tsim/m, with tsim being the total simulation time and mthe total number of time steps. The stohasti inrement is simulated as dw[i] = ζ[i]
√
dtwhere ζ[i] is a vetor of normally distributed random variables.15 Note that Kn[i] is �lledwith zeros for all i one Kn has been redued to zero. Fig. 3.1 illustrates some examplepaths for γ = 0.5, K(0) = 10, Imax = 2, tsim = 50, and m = 10000. The simulationproedure is illustrated in the �ow hart Fig. 3.3.Following the generation of n random paths, the optimal investment poliy is derivedin a bakward reursion for eah path. The deision in eah time step i to ontinue orto stop investments is onditional on the fat that the projet will not be abandonedin i + 1.16 This hoie is made by alulating the net expeted values of the projet15Standard distributed random numbers an be reated using the Box-Muller algorithm, ζ[i] =

√

−2 ln(u) sin(2π v) where u and v are omputer generated, uniformly distributed random numbers.In our simulations, the pseudo random number generator srand() has been used for this purpose.16This deision has already been made as we are going bakward in time.59



3. R&D investment under tehnial unertaintyin time step i. If this value is positive, ontinuation is optimal. Otherwise, the projetwill be abandoned. The proedure begins at T = m ∗ dt. This is the time when theprojet is �nalised, i.e. Kn[T ] = 0. At this point, the onditional expeted projet value
EPVn[T ] is known for ertain and always positive as the �rm an retrieve an asset of value
V . However, one step bak in time things ould look di�erent beause an in�nitesimalinvestment of Imaxdt still would be needed to omplete the projet and it is the netexpeted onditional projet value that is relevant for the deision at time step i − 1.17When the optimal investment rule in a time step i is found, the stepping-bak proedureis repeated until the initial time is reahed18. This is done for all paths.The hallenge is to alulate expeted onditional projet values if investments are not�nished and unertainty has not ompletely been resolved. A �rst idea might be to usethe disounted projet value of one period ahead in time. However, this underestimatesthe omplex role of unertainty and leads to a bias towards the proper solution of Eq.(3.7). In this way not every dependeny on all paths and deision times will be takeninto aount. A more pratial approximation of expeted onditional projet values hasbeen proposed in Longsta� and Shwartz (2001) who regress disounted expeted projetvalues of the next period EPV n[i+1] by the expeted ost to ompletion for the urrentperiod Kn[i] for all not abandoned paths. There are di�erent possibilities to speifybasis funtions for this regression. For our simulation, we apply the Longsta�-Shwartzmethod using a polynomial regression of degree 5.After having approximated the onditional expeted projet values, we test for eah
i going bakward in time if the net values are positive, i.e. the neessary inrementalinvestment Imaxdt in i does not exeed the regressed EPV n[i]. Otherwise EPV n[i] isset to zero. When the initial time is reahed, the optimal investment poliy for eahpath will have been determined by this method. The value funtion F (K) an then bealulated by adding up disounted EPV n[i] and averaging over all paths. The ritialthreshold K∗ for the investment ost to ompletion an be found by inreasing initialosts to ompletion Kn[0] until it is optimal to abandon investments for all paths in theprojet.Fig. 3.4 ompares the solution for K∗ in dependene of γ obtained by dynami pro-gramming and by Monte Carlo simulation. The later was run with 10000 paths and30000 time steps in a total simulation time of tsim = 10. Both approahes math andrepliate results of Dixit and Pindyk (1994, p. 350). The table to the right shows thegrowing number of abandoned paths when Kn[0] approahes K∗. For example, when
Kn[0] reahes the deterministi ritial threshold for the ost to ompletion of about
K∗ ≈ 9, only 2049 paths out of 10000 are abandoned at γ = 0.5. Fig. A.1 (AppendixA.3.4) depits how the ompletion times for these abandoned paths are distributed (uppergraph). Their mean ompletion time is < T >= 5.7 with a standard deviation σ = 1.8.The lower graph of Fig. A.1 shows the distribution of the times at whih the deision to17Note that the probability to abandon the projet in later time steps is muh smaller than in earliertime steps as strong �utuations of K are rather unlikely.18Taking the bakward-deision only at the �nalisation time of the projet orresponds to a Europeanrather than an Amerian option. The latter allows one to exeute the option to abandon the projetat any time. 60
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F (K) = V − K + f(K, V, γ). This splits the value of investing into the value of a projet that annot be abandoned (�rst term) and the value of the abandoning option (seond term). See Dixit andPindyk (1994), p. 349. 62



3. R&D investment under tehnial unertainty
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3. R&D investment under tehnial unertaintyinvestment deision an be separated from the deision of its �naning (Modigliani andMiller, 1958) or that the �rm is able to ompletely self-�nane the projet. However, atleast for smaller enterprises as well as new start-ups, in-house resoures are likely to belimited. Moreover, apital markets are imperfet due to transation osts or informationasymmetries between the �nanier and the investor or other agents.23 This an lead tohigher osts for external �naning and the rationing of redits, see e.g. Greenwald et al.(1984) and Hall (2002). Findings in the literature are somewhat mixed. First, resultsdepend on the framework of study (stati or dynami set-up). Seond, they dependon whih option value dominates the model (the value of postponing the investment orthe value of aelerating investments). Extending the model of MDonald and Siegel(1986) by allowing for a �rm to simultaneously determine its investments and apitalstruture, Mauer and Triantis (1994) �nd that "... if a levered �rm uses the investmentand operating poliies of an equivalent unlevered �rm, there is a negligible loss in �rmvalue". In the dynami framework the �rm has an option to delay the investment. Thismakes shields, e.g. from tax-advantaged depth �naning, less e�etive. Other �ndingsfrom the real options literature show that �naning onstraints an derease the valueof waiting as well as the ritial threshold for investing (Boyle and Guthrie, 2003). Thisleads to suboptimal investment rushes24 sine the �rm tries to avoid future �naningrisks. MGee (2010) develops a model that inludes two onstraints: the �rst due to theirreversibility of apital investments and the seond a �naning onstraint. He �nds thatonly for the fastest-growing �rms does the investment rush due to �naning onstraintsdominate the value of waiting. This is a result of irreversibility and ertain types ofunertainty (e.g. market orrelated input ost).However, these �ndings apply to apital investments in general. Hall (2002) reviewstheoretial and empirial evidene of the impat of �naning onstraints on R&D invest-ments. He summarises that "...The evidene for a �naning gap for large and establishedR&D �rms is harder to establish. It is ertainly the ase that these �rms prefer to use in-ternally generated funds for �naning investment."25 On the other hand, the theoretialontributions disussed in Hall (2002) are not based on dynami or real options analysis.As we an see, the basi model of Pindyk (1993) an provide insights into R&D invest-ment deisions of established �rms, �rms whih an rely on di�erent soures of internal�naning and thus hedge �naning risks.The study of �naning onstraints for newly founded, small-, and medium-size enter-prises is left to future researh. A possibility to inlude this feature would be to modelthe availability of redits in dependene of stohasti shoks. Another question arises23For example, there are also information asymmetries between researhers and managers of an R&Dprojet, making moral hazard a potential.24In a dynami model with stohasti �naning onstraints, Kasahara (2008) obtains that it is neessaryto take future risks into aount, and that this an indue a more ative investment behaviour. In hismodel, the �rm ompletely relies on internal funding and an only invest if the apital stok equatesat least to the maximum produtive investment rate.25Yet, Hall (2002) notes that he ignores "arguments based on R&D spillovers and externalities. There isa good reason to believe that the latter are a muh more important onsideration for large established�rms, espeially if we wish those �rms to undertake basi researh that is lose to industry but withunknown appliations." 64



3. R&D investment under tehnial unertaintyfrom the fat that for R&D investments tehnial unertainty is more relevant than in-put ost unertainty (Kort, 1998; Czarnitzki and Toole, 2008). For this reason we didnot inorporate this type of unertainty (seond limitation). Beause, with tehnialunertainty there is no inentive to postpone deisions as new information only arriveswhen the �rm is ative and invests, it would be interesting to study the relationshipbetween tehnial unertainty and imperfet apital markets sine tehnial unertaintyleads to a value of investing. This ould be done by �rstly, letting the maximum produ-tive investment rate Imax develop stohastially. Seondly, a minimal investment rate
Imin ould be introdued re�eting that e.g. payments for researhers need to be on-tinued. The model ould then be solved by Monte Carlo simulation using the followinginvestment rules: 1) in the region of investment and in the ase that the �rm faes no�naning onstraints, investment at Imax is hosen, 2) if �naning is onstrained, but itis still pro�table to invest, the �rm invests with Imax ≥ I ≥ Imin, otherwise 3) the �rmrefrains from investments.A third limitation in our model is that ompetition and the impat of rivals are notonsidered. Competition an lead to an innovation rae in order to realise a �rst mover-advantage that is rewarded with market power. This alls for a game-theoreti analysis.There are other exogenous fators that an in�uene the development of the remainingost to omplete an R&D projet, for example, knowledge spillovers. Kort (1998) extendshis model of a single �rm replaing Eq. (3.5) by

dK(t) = −I(t) exp(ωt)dt . (3.17)The onstant parameter ω > 0 denotes the rate of tehnologial development outsideof the �rm. Note that the model beomes deterministi. Kort (1998) obtains that thismodi�ation generates a value of waiting in that the �rm now has an inentive to awaittehnologial progress and postpone investments.A fourth limitation is that the payo� from R&D investments is assumed to be ertainand, furthermore, not subjet to dereasing returns. Shwartz (2004) studies the e�etof stohasti ash-�ows C from the projet. He introdues a post-patent ash-�ow asbeing a multiple of the ash-�ow (M × C). Both determine the value of the projet V .Model equations are spei�ed in the following way
dC = αCdt+ φC dω ,

V (C, T ) = M ×C . (3.18)Thus, the net ash-�ow rate is model-led as a geometri Brownian motion. Inrements
dw are orrelated with the market portfolio and with the expeted ost for ompleting theprojet. Drift parameter α desribes harateristis of a partiular R&D programme. Mis a measure of ompetitiveness and it reahes zero when the market beomes perfetlyompetitive. By running a Monte Carlo simulation, Shwartz (2004) yields the resultthat the projet value and the probability of abandoning the projet inrease when theash-�ow rate as well as the terminal ash-�ow multiple M inrease.Finally, we have negleted osts to shut down the R&D projet. However, this isjusti�able as the majority of R&D osts are wages and salaries of highly speialised65



3. R&D investment under tehnial unertaintyengineers and sientists (Hall, 2002). Moreover, installations and equipment are likely tobe re-used and thus might not ause large sunk osts.Despite these limitations, the basi model allows us to eluidate the dynamis of in-vestment deisions of a �rm endowed with su�ient resoures to self-�nane an R&Dprojet. Generi features of R&D investments an be inorporated. In the followingsetions of this hapter, Pindyk's (1993) basi sequential deision model is extendedto study a �rm's R&D investment deisions in di�erent environmental/tehnology poliyframeworks. One model explores o�shore wind park investment under feed-in tari�s. Theseond model analyses poliy inentives to spur R&D for energy-saving tehnologies. Inaddition to tehnial unertainty, poliy unertainty is introdued in Chapter 5 to studythe relationship between these two types of unertainties.3.4. An appliation to o�shore wind farm investment3.4.1. Motivation: Rostok's o�shore wind park Balti 1By 2020, 20% of EU energy is targeted to originate from renewable soures (KOM,2006). The German Renewable Energy Soures At of 2009 sets an even more ambitiousgoal of 30% for the share of renewables in total eletriity onsumption by 2020. Ahuge potential is seen for o�shore wind energy amounting to a long-term goal of upto 25 GW of umulative apaity for Germany by 2030 (BMU, 2007). Currently, theapaity of o�shore wind parks in operation is only 42 MW. That leaves Germany behindGreat Britain (2.4 GW), Sweden (2.2 GW), Denmark (2.2 GW), Netherlands (1.2 GW),and Belgium (300 MW). However, nearly a apaity of 10 GW (approx. 25 parks) hasalready been liensed and meanwhile a apaity of 17 GW (approx. 28 parks) is urrentlyundergoing the approval proess (DENA, 2010; EWEA, 2009).Sine 1991, when the �rst park was installed near Vindeby in Denmark, o�shore windtehnology developed into a utting-edge tehnology. Naturally, a large amount of uner-tainty is involved when planning, installing, and operating suh a farm. This inludes,foremost, tehnial ost unertainty but also unertainties related to the ost of inputand/or output fators. Tehnial ost unertainty exists due to the still limited experi-ene with o�shore wind tehnology. Therefore, a substantial amount of R&D osts needto be onsidered, e.g. for �nding the optimal loation, anhoring the foundation in thesea, establishing a grid onnetion, or maintaining the farm under sea weather onditions.Input ost or output ost unertainties, on the other hand, an also be orrelated withthe eonomy. For example, turbine osts are likely to �utuate with hanges in the worldwide demand for steel and other metals. Output ost an e.g. be subjet to hangesin poliies as wind farm operators rely on guarantees to sell eletriity to the market.The yearly wind yield an only be estimated as it is very demanding to foreast windand weather onditions. Therefore, eletriity annot be produed onstantly, leading totypial load fators of 35 % of the installed apaity (ODE, 2007).Consequently, the deision to invest in an o�shore wind farm is risky and moreoverinvolves a high amount of irreversible ost sine investments are site-spei� and heneonly partially reoverable. The real options approah is a way to evaluate the oppor-66



3. R&D investment under tehnial unertaintytunity to invest under these irumstanes. Among others, Pindyk (1993) applies areal options model to evaluate nulear power plant investments under tehnial and ostunertainty. Kjaerland (2007) derive a real option value of hydro-power investments ina non-sequential model under unertainty of returns. Davis and Owens (2003) evaluateUS onshore wind power investments under energy prie unertainty.We will apply real options theory to review the investment deision for the plannedo�shore farm 'Balti 1' urrently being built near Rostok. This is a partiularly inter-esting projet as it is expeted to run as Germany's �rst ommerial o�shore wind farm.We will use a sequential investment model re�eting that the projet needs time to berealised. At any time, the projet an be stopped if the investment osts exeed expetedpayo�s. Tehnial unertainty is expliitly inluded in the model. The basi model thatwe will extend was developed by Pindyk (1993). We will ompare two poliy regimesthat are urrently ative in Germany. The �rst one o�ers a sprinter bonus for o�shorewind farms if they are in operation before 2016. This higher eletriity feed-in tari� isreplaed by a baseline tari� after 12 years. The seond poliy regime onsiders only thebaseline tari�. Costs for operation and maintenane as well as the expeted life time ofthe wind park a�et the expeted payo�. Therefore, we will take aount of di�erentshemes.In the next setion, we will extend the sequential investment model introdued inthe beginning of this hapter to the poliy framework relevant to o�shore wind farminvestments. This is followed by an analysis of available data of European o�shore windparks in order to speify neessary model parameters. Finally, we disuss results anddraw onlusions for this appliation.3.4.2. The model with an extension for feed-in tari�sA large energy orporation plans to self-�nane and build an o�shore wind farm. We as-sume a maximum produtive investment rate as the realisation of the investment projetinvolves a onsiderable amount of R&D osts and takes time, e.g. for planning, gettinga liense, onstruting, and testing the farm. Thus, the �rm has to solve a sequential in-vestment problem when assessing the opportunity to implement the projet. At any pointin time it may turn out that the ontinuation of the investment is not pro�table. But the�rm has the option to abandon the projet. Though, the projet is stopped, the investedmoney annot be reovered. This makes the investment irreversible. Furthermore, theprojet an only be realised if all investment stages have been passed suessfully. Thus,the �rm holds a sequential all option.We assume that the main soure of unertainty is the sienti�/tehnial di�ulty inarrying out the o�shore wind farm projet. This is realisti as salaries for speialists andengineers sum up to 40 % of installment and deommissioning osts (e.g. ODE (2007)).Even if input pries were known for sure and all plans that depend on fators outside ofthe �rm's in�uene would turn out perfetly, positive or negative hanges ould our.Thus, the �rm does not know how installation osts will develop and how long it willtake to put the farm into operation. Atual osts are only known for ertain one theprojet is �nalised. This type of unertainty is site-spei� and typial for a projet67



3. R&D investment under tehnial unertaintyusing utting-edge tehnologies - it an only be resolved when investment is atuallyundertaken. Otherwise, learning to deal with the di�ulties stops. Therefore, faingtehnial unertainty, there is no inentive to postpone the projet.In omparison to unertainty about the tehnial progress, the �rm shall be, at leastrelatively, ertain about the outome of the investment. This an be justi�ed as windo�shore tehnology is a apital-intensive tehnology. Investments for establishing thefarm make up to 80% of the ost expeted during the total lifetime of the plant (Blano,2009). Moreover, the poliy framework of feed-in tari�s is �xed by law supporting a rela-tively ertain predition of future ash-�ows. Finally, we assume that the �rm ompletelyself-�nanes the projet.Despite unertainty, the �rm is able to form an expetation about the remaining ostto ompletion K(t) suh that K(t) = E(K̃(t)) with K̃ being the atual total ost and Ebeing the expetation value operator. The projet is ompleted when K(T ) = 0. Thisde�nes the time T at whih the wind farm is operable. With I(t) being the investmentrate at time t, γ denoting tehnial unertainty, and dw(t) denoting the inrements ofa Wiener proess, the evolution of the expeted ost to ompletion is modelled as inPindyk (1993)
dK(t) = −I(t)dt+ γ

√

I(t)K(t) dw(t) . (3.19)The deision whether to invest or not is straightforward. The �rm invests if theexpeted payo� from the wind park is higher than the sum of investments made. Inorder to get the highest possible net payo�, the �rm an ontrol the �ow of investmentsat eah instant in time. This an be formalised in a value funtion F (K(t)) for theinvestment opportunity
F (K(t)) = max

I(t)
E0





∞∫

T

P exp(−rt)dt−
T∫

0

I(t) exp(−rt)dt



 . (3.20)The �rst term desribes the disounted ash-�ows after the plant is installed. P is theonstant ash-�ow per period and r is the disount rate. In sum, the �rm will hold anasset worth V = P/r. The seond term is the total expenditure needed to realise theprojet. If investment is optimal, F (K(t)) satis�es the following inequality26
−1− ∂F (K(t))

∂K(t)
+ 0.5 γ2 K(t)

∂2F (K(t))

∂K(t)2
> 0 . (3.21)Equality in (3.21) de�nes a ritial value of expeted investments required to ompletethe projet K∗. At this ritial threshold, the value funtion F (K∗) beomes zero. Ifthe expeted ost to ompletion are smaller than K∗, the �rm will invest the maximum.Otherwise the �rm will not invest. The optimal investment rule is

I =

{
Imax , if K < K∗ ,

0 , if K > K∗ .
(3.22)26This equation satis�es Eqs. (3.12, 3.13). It is not a stohasti di�erential equation anymore.68



3. R&D investment under tehnial unertaintyAs a result, it is su�ient to alulate K∗ whih an be done numerially. The rit-ial value is a free boundary between the region of investment and the region of non-investment, whih ful�lls the onditions
F (0) = V = P/r , lim

K→∞
F (K) = 0 , F (K∗) = 0 , F ′(K∗) = 0 . (3.23)The �rst ondition desribes the disounted payo� V after ompleting the R&D projet.The seond ondition states that for a large K it is not reasonable to start the projetat all. The two last boundary onditions are mathing onditions between the regions ofinvestment and non-investment.Next, we extend the model to desribe the urrent poliy framework. The GermanRenewable Energies Resoures At from 2009 (BMU, 2009) supports o�shore wind en-ergy with guaranteed feed-in tari�s for wind generated eletriity. The at also sets anobligation for regional or national grid utilities to purhase the o�ered eletriity. Theguaranteed selling prie for eletriity is 0.035 EUR/kWh. In addition, a sprinter bonusis o�ered for o�shore wind parks if they are in operation before January 2016, amountingto 0.15 EUR/kWh during the �rst 12 years. Taking this and the limited lifetime of theplant into aount, we need to modify the �rst term of Eq. (3.20) as P is now timedependent. We obtain

T+T1∫

T

P1 e
−rt dt+

T+T1+T2∫

T+T1

P2 e
−rt dt+

∞∫

T+T1+T2

P3 e
−rt dt =

∞∫

T

P̃ (t) e−rt dt . (3.24)
T is the ompletion time of the projet. For a time T1, the sprinter bonus is used toalulate the �rm's payo�. In the ase onsidered, the lifetime of the plant ends afteranother period of T2. The left-hand side of Eq. (3.24) an be split into terms, whihdepend on the stohasti ompletion time T and those that do not. This allows us tointegrate the three integrals into one (right-hand side). Therefore, apart from Eq. (3.20),only the �rst of the four boundary onditions in Eq. (3.23) is a�eted by our extensionfor the poliy regime. We need to replae P with P̃ given by

P̃ = P1 + (P2 − P1)e
−rT1 + (P3 − P2)e

−r(T1+T2) . (3.25)In the following appliation of the sequential investment model, we will onsider fourdi�erent poliy/lifetime senarios:1. Sprinter bonus, 20 years running time: During the �rst 12 years, eletriityan be sold at the bonus prie of 0.15 EUR/kWh. From year 12-20 the baselinefeed-in tari� of 0.035 EUR/kWh is guaranteed. The wind farm is expeted to run20 years (Vattenfall, 2010). Thus, T1 = 12, T2 = 8, and P3 = 0.2. Sprinter bonus, in�nite running time: For the �rst 12 years, a prie of 0.15EUR/kWh is guaranteed. Afterwards, the payo� will be alulated with the base-line feed-in tari� of 0.035 EUR/kWh. The farm operates forever (P2 = P3).69



3. R&D investment under tehnial unertainty3. Baseline feed-in tari�, 20 years running time: Eletriity an only be soldat the baseline feed-in tari� of 0.035 EUR/kWh (no sprinter bonus). The farm isexpeted to run 20 years. Thus, P1 = P3 = 0 and T1=0, T2 = 20.4. Baseline feed-in tari�, in�nite running time: The baseline feed-in tari� of
0.035 EUR/kWh is guaranteed forever and the lifetime of the farm is not limited.Thus, P1 = 0, P2 = P3, T1 = 0.3.4.3. Data soures and parameter derivationPreparations for the onstrution of the o�shore wind park Balti 1 began in July 2009.It is planned to go into operation at the end of 2010 making Balti 1 the �rst ommerialwind park in Germany. Other German wind parks, e.g. Alpha Ventus, are so far onlyrunning as test �elds. Balti 1 will an installation of 21 wind turbines near Rostok,15-16 km north of the peninsula Darss/Zingst. With a �nal installed apaity amountingto 48.3 MW, it will serve about 50.000 households for at least 20 years. The data aresummarised in Tab. 3.1.In order to alulate the option value of investment for Balti 1, we need estimates forthe unertainty parameter γ, expeted initial investment ost K(0), the maximum rateof investment Imax, and the net value of the wind farm's apaity P . The net value ofapaity is given by expeted payo�s less expeted ost for operation and maintenane(short: O&M osts). The latter range from 0.017 - 0.045 EUR/kWh (KPMG, 2007)27and also inlude reserves for deonstruting the wind farm. Expeted investment ostwill be estimated in the next setion by a multiple regression analysis of o�shore windfarm data. For simpliity, the maximum rate of investment will be assumed onstantover the years of onstrution.Loation: Balti Sea, North of Peninsula Darss/ZingstDistane from shore: 16 kmSize: approx. 7 km2Depth: 16-19 mTotal apaity: 48.3 MWAnnual yield: 176.4 GWh/aAverage wind speed: 9 m/sNumber of turbines: 21, eah 2.3 MWNumber of transformer stations: 1Expeted running time: at least 20 yearsExpeted building time: 2 years, 6 years inl. planning and testingTable 3.1.: Data for O�shore wind park Balti 1 (Soure: Vattenfall (2010)).27O&M osts are thus 3.06-8.10 MEUR/year for operating Balti 1. We take the lower number for thelow and the upper number for the high O&M regime.70



3. R&D investment under tehnial unertaintyThe expeted onstrution period ranges between 1.5 and 6 years. Therefore, we willalulate values for 1.5 years, 2, 3, 4, 5, and 6 years. The maximum rate of investment isthen simply given by dividing expeted investment ost by the expeted time of onstru-tion. However, this does not imply that the �rm knows how muh time is needed to buildthe farm. The derivation of expeted investment ost and the unertainty parameter γfollow.Expeted investment osts of Balti 1Data of 40 o�shore wind parks are available from di�erent soures (DENA, 2010; EWEA,2009; KPMG, 2007; Snyder and Kaiser, 2009a,b). For 27 parks, investment osts (in US$)has been published in a single soure adjusted for in�ation (Snyder and Kaiser, 2009b).These are the most omparable investment ost data we ould �nd. KPMG (2007) alsoanalyse investment ost data using a data set of 27-30 wind farms. However, only averageost have been published in order to make data anonymous. Farms were grouped intothree ategories depending on their distane from the shore, water depth, and size ofturbine. Using this ategorisation, most data in Snyder and Kaiser (2009b) belong toategories 1 and 2. Planned German o�shore parks, however, belong to ategory 3 dueto their omparatively large distane from shore.The average prie of a MW apaity is about 1.85 ± 0.16 MEUR for the sample ofSnyder and Kaiser (2009b). KPMG (2007) expets an average prie of 2.2 MEUR perMW for planned but not realised farms in 2005. We will use data of Snyder and Kaiser(2009b) for further analysis although information on ost omponents is limited. Inaddition, we have ompared data soures to hek for omparability to other data. Inase of di�erenes, we have hosen the latest update available from EWEA (2009). Our�nal data set is attahed in the appendix, Tab. A.2. The sample inludes 27 wind farms.We alulated pries in EUR using the annual exhange rate for 2008 from the StatistialData Warehouse of the European Central Bank with a EUR/US$ ratio of 1.4708.Next, we run multiple regressions, inluding non-linearity tests, in order to �nd vari-ables explaining expeted investment osts. Candidates are the distane from shore,water depth, total apaity, age of farm, number, and size of turbines. For illustration,Fig. 3.7 shows the distribution of investment ost in Millions of Euro with dependene onpossible explanatory variables. Investment osts are expeted to grow with the distanefrom shore and water depth. Transport ost are likely to inrease and speial equipmentand tehniques ould beome neessary. For similar reasons, it is likely that investmentost would also grow with the apaity of the farm alulated from the number and sizeof turbines. If the number of turbines and their omplexity inrease, more material andsophistiated tehniques are asked for.We do not expet to see a signi�ant time-dependene of investment ost in our sampleovering a period of only 17 years. In the medium- and longterm however, osts due totehnial di�ulties in installing the farm will derease with the growing experiene inthe o�shore setor. Fator osts, on the ontrary, are likely to ontinue to rise due to thegrowing world-wide demand for raw materials and metals.
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3. R&D investment under tehnial unertainty
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Figure 3.7.: Distribution of investment osts of o�shore wind farms in Million Euro withregard to possible explanatory variables.
Dependent variable: Investment ost [MEUR℄Explanatory variable Model 1 Model 2 Model 3Interept -45.074 -72.961 -37.658Capaity in MW 2.308 (7.8 E-12) 2.376 (5.1 E-09) 2.224 (7.5 E-10)Distane in m 0.005 (0.027) 0.006 (0.049) 0.006 (0.042)Depth in m � -0.425 (0.812) -1.202 (0.471)Age in years � 3.511 (0.263) -Observations 27 27 27R-squared 0.936 0.941 0.937adj. R-squared 0.931 0.930 0.929Table 3.2.: Results of multiple regression to explain investment ost of o�shore windparks (on�dene level: 0.95, P-Values in brakets).
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3. R&D investment under tehnial unertaintyDistane from shore 15 km 16 kmInvestment ost [MEUR℄ 134.5 139.1Investment ost per apaity [MEUR/MW℄ 2.785 2.879Standard error [%℄ 38 37Table 3.3.: Estimated investment ost for Balti 1 in MEUR.A hek for ollinearity showed that most variables are moderately orrelated (< 0.6).However, the turbine size and the farm's age are strongly orrelated (= −0.86) as arethe number of turbines and the farm's apaity (= 0.93). Therefore, we will inlude onlyone from eah pair of strongly orrelated variables. Tab. 3.2 desribes the three bestregression models ranked aording to their adjusted R-squared. We �nd that apaityand distane are a signi�ant fator for investment osts of the sample. Both, as expeted,inrease investment osts when growing. Snyder and Kaiser (2009b), running multipleregressions, and KPMG (2007), running simple regressions, also �nd that the depth issigni�ant in explaining investment ost. However, they estimate that this in�uene isomparatively small.Next, we alulate expeted investment ost for the o�shore wind park Balti 1 usingthe best regression model, Model 1, and data given in Tab. 3.1. We obtain an expetedinvestment ost of 139 MEUR ± 37% for a distane of 16 km and 135 MEUR ± 38% fora distane of 15 km (see Tab. 3.3). We take these as the lower and upper boundaries forfurther analysis.Estimates of unertainty parametersTehnial unertainty is site-spei� and time-independent, whereas ost unertaintygrows with the time horizon. Both types of unertainties an be deomposed and ex-trated by analysing time series and ross-setional variations of these data (see e.g.Gri�ths and Anderson (1989); Heshmati and Kumbhakar (1994); Pindyk (1993)).Tehnial unertainty follows from the standard variane of expeted investment ostassuming the sample is �ltered for its time dependeny. The variane of expeted invest-ment ost is given by Eq. (3.3). We did not �nd a signi�ant dependeny of investmentost on the year of onstrution or the farm's age in the data. Thus, depending on theassumed distanes from shore, we have
γ =

{
0.489 , for 15 km ,
0.503 , for 16 km .Input ost unertainty an prinipally be estimated from the trend of time series.However, available data annot be used for this, beause �rst, they only sparsely overa period of 17 years, and seond, the data do not show a signi�ant dependene on thefarm's age, neither linear nor in higher orders. This was also found by Snyder and Kaiser(2009a). Apart from the limitations of the data, opposing trends a�eting investment73



3. R&D investment under tehnial unertaintyosts ould be another reason. On the one hand, the setor-wide learning rate andeonomies of sale are ausing a downward trend for investment osts. On the otherhand, osts for steel and opper have been rapidly growing sine 2002. The demand forwind turbines is higher (and is predited to remain higher) than the supply, whih in turna�ets market pries and delivery times, see Blano (2009); ODE (2007); Ernst&Young(2009); Snyder and Kaiser (2009b). In total, it is not lear whih e�et will dominate inwhat years. Only long-term foreasts for the year 2030 and beyond predit a deline inost pries (Ernst&Young, 2009; ODE, 2007).However, for our analysis of Balti 1, we expet tehnial unertainty to be more rele-vant than input ost unertainty for two main reasons. First, wind o�shore tehnique is avery new tehnology and the establishment of eah farm an be seen as a fresh experiment.KPMG (2007) point out that geographi onditions, partiularly in Germany, lead tohigher projet risks as farms are planned to be installed omparatively far away fromthe shore. Seond, the building time of 1.5-6 years is rather short making it less likelyfor input ost pries to in�uene the projet. It is realisti that they are overed inontrats set up 2-3 years in advane. Hene, we will only study the in�uene of tehnialunertainty on expeted investment ost and on its ritial threshold.3.4.4. Results from the real option modelConventional net pro�t value of Balti 1We start our analysis by negleting unertainty. We alulate net pro�t values resultingfrom yearly ash-�ows in the di�erent poliy regimes. Net pro�t values depend on on-strution times and the osts for operation and maintenane of the farm. We assume arisk-adjusted disount rate of r = 5%.Our results for the value funtion F (K(t)) and the ritial threshold of investment osts
K∗ in the ase of ertainty are given in Tab. A.3 in the appendix. In priniple, it is worthinvesting in Balti 1 if F (K) is positive. In this ase, expeted payo�s from operatingthe o�shore farm exeed the expeted ost to ompletion. K∗ separates the regions ofinvestment and non-investment. Only if expeted ost K are below K∗ is investmentpro�table. Negleting unertainty, we �nd that it is pro�table to invest in Balti 1 if asprinter bonus for o�shore farms is guaranteed and if the onstrution time is less than 4years. This is independent of the amount of O&M osts. The �nding also holds for bothdistanes of the park from the shore, 15 km and 16 km. However, if the onstrutiontakes longer than 4 years, the investment is only pro�table if osts for O&M are low.For the expeted onstrution time of 1.5 years, we �nd that ritial investment ost are214.4 MEUR/ 157.0 MEUR (low/ high O&M osts) and 214.8 MEUR/ 157.2 MEUR(low/ high O& M osts) for a distane of 15 km and 16 km from shore, respetively. Theslightly larger values for the longer distane is a result of the higher maximum produtiveinvestment rate at 16 km. Thus, the total remaining expenditure required to install thefarm an be redued faster.The result also depends on the disount rate. However, in a onventional feasibilitystudy for o�shore wind farms in the Apulia region of Italy, Pantaleo et al. (2005) also74



3. R&D investment under tehnial unertainty
γ = 0 γ ≈ 0.515 km 16 km 15 km 16 kmhigh O&M K∗ 157.0 157.2 177.6 176.7F(K) 22.6 18.2 24.9 20.8low O&M K∗ 214.4 214.8 243.0 241.8F(K) 81.7 77.3 82.6 78.2Table 3.4.: Value of investment F (K) and ritial investment ost K∗ for Balti 1.use a disount rate of 5%. Jeske and Hirshhausen (2005) take a risk-adjusted disountrate of 4% in their sensitivity analysis for two planned German o�shore parks arried outfor the poliy framework of 2004. However, if we lower the disount rate by 1%, ritialinvestment ost only slightly inrease, e.g. from 157.2 MEUR to 158.5 MEUR in aseof 1.5 years onstrution time, 20 years of operation time, sprinter bonus, high O&Mosts, and a distane of 16 km. As results are omparatively insensitive to hanges inthe disount rate, we keep the disount rate at 5%.Inluding tehnial unertaintyWhen tehnial unertainty is present, the value funtion F (K(t)) as well as the ritialinvestment ost to ompletion K∗ inrease. Thus, we an on�rm an inentive to investif irreversibility and the option to abandon are taken into aount. Tab. 3.4 summarisesthe results for an expeted onstrution time of 1.5 years (whih is the urrent plan), anoperation time of 20 years, and a guaranteed sprinter bonus. Extended results for F (K)and K∗ with varying poliies, tehnial unertainties, investment osts, onstrutiontimes, operation times, and osts for O&M are available in Tabs. A.4 and A.5. In orderto get an understanding of the importane of tehnial unertainty, we ompare the valuesunder the urrent poliy regime at an expeted onstrution time of 1.5 years. In thisase, tehnial unertainty raises K∗ by as muh as 12 %. Even with a onstrution timeof over 3 years, the investment is still pro�table regardless of the distane from shore (15km/ 16 km) or the orridor of osts for operation and maintenane.We an furthermore on�rm that sprinter bonus guarantee is ruial. If only a baselinetari� is o�ered, F (K) is zero and hene, o�shore wind projets omparable to Balti 1 arenot pro�table. This is aused by high investment osts as well as high osts for operationand maintenane. The redution of these osts, e.g. by learning or eonomies of sale,will be a major task if wind generated energy shall beome ompetitive. Assuming asprinter bonus and an operation time of 20 years, Tabs. A.6 and A.7 moreover show thesensitivity of K∗ to the maximum produtive rate of investment (or expeted time ofonstrution). The standard variation of the samples with low/high O&M and 15/16 kmis smaller than 6 %. In numbers, unertainty raises mean ritial ost to ompletion withlow/high O&M from K∗=199.7 MEUR/ 148.7 MEUR (γ = 0) to K∗=227.8 MEUR/169.1 MEUR (γ ≈ 0.5) in ase of 15 km and from K∗=200.4 MEUR/ 149.1 MEUR75



3. R&D investment under tehnial unertainty
T [years℄ O&M V [MEUR℄ stopped paths < T > (σ) ta1.5 high 164 458 of 10000 1.46 (1.5) 371 of 4581.5 low 228 30 of 10000 1.50 (0.6) 9 of 302.0 high 164 505 of 10000 1.94 (0.7) 366 of 5052.0 low 228 33 of 10000 2.00 (0.7) 6 of 333.0 high 164 596 of 10000 2.90 (1.0) 356 of 5963.0 low 228 43 of 10000 2.99 (1.1) 2 of 434.0 high 164 713 of 10000 3.84 (1.3) 364 of 7134.0 low 228 43 of 10000 4.00 (1.4) 1 of 435.0 high 164 832 of 10000 4.78 (1.6) 378 of 8325.0 low 228 16 of 10000 4.96 (1.7) 1 of 16Table 3.5.: Risk of non-pro�table investment in Balti 1.(γ = 0) to K∗=227.0 MEUR/ 168.4 MEUR (γ ≈ 0.5) in ase of 16 km.In addition to solving the sequential deision model by dynami programming, we runa Monte Carlo simulation with 10000 paths. The total simulation time is 10 years andthe number of time steps is 30000. Other parameters are the same as in the numerimodel.The average ompletion time < T > for the installation of the wind farm rangesbetween 1.46 ± 0.5 and 4.96 ± 1.7 years depending on the expeted onstrution time

T and the O&M regime, see Tab. 3.5.28 We obtain that 5-9 % (in ase of high O&Mosts) and up to 0.4 % (low O&M osts) of the 10000 paths are abandoned under theurrent poliy framework.29 For 45-81 % of these abandoned paths in the high O&Mregime (for varying expeted onstrution times T ), investments are stopped within the�rst year. As expeted, the data show that the option to stop the projet is more oftenexerised as the expeted ompletion time inreases. In the ase of low O&M osts, only16-43 paths out of 10000 are abandoned. As these numbers are low, we annot draw astatistial onlusion on the likely time of stopping investments.3.4.5. Limitations and onlusionsIn oming years, o�shore wind farms will ontribute largely to the generation of energy.However, experiene with o�shore tehnology is still limited. Thus, these projets arevery risky. Balti 1 with a planned apaity of 48.3 MW is urrently under onstrutionand will run as the �rst ommerial o�shore wind park in Germany. We have estimatedthe value for investment in a real options approah taking into aount tehnial uner-tainty. This type of unertainty is a major soure of unertainty for apital and R&D28In Tab. 3.5: T is the expeted onstrution time, V is the expeted payo�, < T > is the average om-pletion time, σ is the orresponding standard deviation, and ta gives the number of paths abandonedwithin the �rst year of implementation.29Results are given for a distane of 15 km from shore. Results for 16 km do not di�er substantially.76



3. R&D investment under tehnial unertaintyintensive tehnologies. Unertainty related to ash-�ows from the projet are inorpo-rated via upper and lower boundaries for expeted operation and maintenane osts.Environmental poliy takes the form of two types of feed-in tari�s (baseline tari� andsprinter bonus).We performed multiple regressions and found expeted osts to sum up to 134.5/139.1 MEUR depending on the distane from shore. Tehnial unertainty for Balti 1was estimated to be of the magnitude γ = 0.5 allowing ritial investment osts to riseby 12 %. Results furthermore show that under the German Renewable Energy ResouresAt of 2009 wind farms omparable to Balti 1 an be run pro�tably, but poliy support,by guaranteeing a sprinter bonus tari�, is ruial. In this ase, the risk for investingin a non-pro�table projet is not higher than 9 %. We did not �nd evidene for inputost unertainties in the data. However, it is expeted that they will play a major rolein the future. Tehnial unertainty should instead derease with growing experienesestablishing and running o�shore wind farms.Limitations of the model lie in our neglet of �naning issues, rivalry, and possibleosts for abandoning. Then again, as disussed in Setion 3.3.4, the theoretial andempirial evidene suggests that established �rms are less likely to fae R&D �naninggaps (see also Mauer and Triantis (1994); Kort (1998); Hall (2002); Czarnitzki and Toole(2008)). Competitors are likely to spur a �rm's investments in order to gain advantageand expand market power, thereby potentially inreasing ritial investment ost. Theinlusion of midstream deonstrution ost would have the following impats. On the onehand, additional osts would drive K loser to K∗, while on the other hand, they wouldgenerate opportunity osts for stopping the projet raising the inentives to ontinuewith investments. Moreover, results are not very sensitive to hanges in the maximumprodutive investment rate. Thus, we expet the total e�et to be small30. To improvethe realism of the model, separate projet stages ould be inluded that are onnetedwith spei� risks and have to be passed suessfully. Finally, only limited data ofo�shore parks and osts, as well as their breakdown, are available to date. Despite thelimitations, the appliation provides an understanding of the magnitudes of parametersand their impats. These estimates are useful in further theoretial analysis inreasingthe realism of parameter values.3.5. An appliation to environmental R&D deisions3.5.1. Motivation: energy e�ieny to mitigate limate hangeAny deision to invest in R&D is a deision under unertainty as future onditions, e.g.future osts and bene�ts, market onditions et., are not known beforehand. This is animportant question of how poliy measures an provide inentives to spur R&D. As the30Note that wind park operators are required to give a loan guarantee for deommissioning. However,due to a lak of experienes atual ost are not known. ODE (2007) estimate deommissioning ostper turbine of about 0.4 MEUR (2006 pries). This implies about 8 MEUR for Balti 1. The mostpessimisti estimate we found sums up to 13 % of installed osts (Bayou, 1997). These osts anserve as an upper estimate for (sequential) midstream deonstrution osts.77
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3. R&D investment under tehnial unertaintyprojet is limited to self �naning. This is realisti for �rms that have market power andare endowed with neessary resoures to undertake in-house researh projets. Whilethis is ertainly a strong assumption, it is for two reasons not unrealisti (see also Kort(1998)). First, if the �rm does not depend on external �nanes, it does not need to un-veil information. Thus, it an better apitalise on its advantage in know-how to furtherstrengthen its market position. Seond, R&D projets with unertain outomes are riskyand will therefore lead to higher interest rates if funded externally.Next, we will introdue the model and derive the optimal investment rule. We willinorporate environmental poliies taking the form of energy taxes, energy quotas, andinvestment subsidies. Later on, the model is extended for a sheme of emission trading.3.5.2. The model with an extension for energy taxes and quotasConsider a �rm planning to invest in an R&D projet that will result in a more energye�ient tehnology after its ompletion. As this projet needs time to be ompleted, the�rm has to solve a sequential investment problem (sequential all option). We assumethat the �rm is ertain about the outome of the investment but does not know the ostand time needed to realise this R&D projet. The �rm an stop the projet at any time(option to abandon).We inorporate solely tehnial unertainty understood as unertainty onneted withthe reative proess, unpreditable hallenges, the need for resoures, et33. The �rmhas only an expetation of the atual total ost to ompletion K̃(t). The expetation ofthe total expenditure required to omplete the projet is denoted by K(t). It holds that
K(t) = E(K̃(t)) with E being the expetation value operator. The projet is ompletedwhen the ost to ompletion reah zero, K(T ) = 0 with T being the ompletion time.We follow Kort (1998) in modelling the evolution of remaining investment required toomplete the projet by

dK(t) = −I(t)dt+ γ(K(t))δ
√

I(t)K(t)dω(t) . (3.26)Again, I(t) is the investment rate and dω(t) is the inrement of a Wiener proess. Pa-rameter γ is a onstant and positive parameter. γ denotes overall tehnial unertainty.
δ re�ets the realisti feature of R&D projets that tehnial unertainty is larger in earlystages.As stated in the introdution, we assume that the �rm arries out an in-house R&Dprojet that is ompletely self-�naned. Thus, investment resoures have to be earnedby other ativities of the �rm. Negleting alternative investment opportunities, the �rmhas to hoose in eah investment period between aumulating pro�ts π and investingin the R&D projet to realise gains later on from a better energy e�ieny. We assumea maximum produtive investment rate desribing that the projet needs time to beompleted. The �naning restrition for the R&D projet is then given by

0 ≤ I(t) = c πk
0 (t) ≤ πk

0 (t) = Imax , 0 ≤ c ≤ 1 . (3.27)33See Setion 3.1 of this hapter for a detailed disussion of tehnial unertainty.79



3. R&D investment under tehnial unertaintySubsript 0 refers to using the urrent generation of tehnology. Supersript k indiatesthe dependene on environmental poliies. We will introdue them later on.Next, we determine available present and future net pro�ts depending on tehnologygeneration i = {0, 1}. The �rm produes an output q(E,L) with inputs of energy Eand labour L. The e�ieny of an energy-saving tehnology is desribed via parameter
φi. This parameter will hange to a higher level one the investment projet has been�nalised. We use a Cobb-Douglas prodution funtion with dereasing returns to sale

q(E,L) = θ(φiE)αLβ with α, β > 0, α+ β < 1 , (3.28)where α and β are prodution elastiities of energy and labour. θ is a general produtivityparameter. Net pro�ts of the �rm depend on output prie P , input osts for energy andlabour, denoted by z and w respetively, and the environmental poliy regime k. Wefollow van Soest (2005) onsidering at �rst two basi types of environmental poliies. The�rst one is a tax regime k = T with a per-unit-of-energy tax rate τ . The seond one is aquota regime k = Q with a binding, non-tradable quota on the use of energy Ē.34 The�rm aims at maximising its pro�ts. Thus, the present and future instantaneous pro�t�ows of the �rm are alulated from
πk
i (E,L;φi) =

{ maxE,L

{
Pθ(φiE)αLβ − (z + τ)E − wL

} if k = T ,maxL {Pθ(φiĒ)αLβ − zĒ − wL
} if k = Q .

(3.29)We assume that the poliy will be set one and for all.35 As the poliy does not hange,one the R&D projet is realised, the �rm will be able to produe under the sameonditions but with an inreased energy e�ieny φi = φ1. In order to ompare bothpoliy regimes, we next initialise them with the same level of energy use. The proedureis as follows. First, the government hooses the tax rate equalising marginal bene�tsand osts of the �rm given the urrent tehnology φ0. The amount of energy used inthis poliy regime determines the orresponding energy quota. This quota is therefore afuntion of tax rate τ . Formally, one has to solve the stati pro�t maximisation problemusing the envelope theorem, see the Appendix A.5.1 for details. The energy quota anthen be derived as
Ē =

[

Pθ

(
β

w

)β ( α

z + τ

)1−β
] 1

1−α−β

φ
α/1−α−β
0 . (3.30)Pro�t funtions depending on an advaned tehnology generation i = 1 and the initialpoliy framework an be obtained in a similar way. They are given as

πk
1 (φ1) =

{

ξT φγT

1 for k = T ,

ξQφγQ

1 − zĒ for k = Q ,
(3.31)34Later on, we will also analyse investment subsidies and emission trading. As the formal introdutionis straightforward, we refrain from a derivation.35This assumption will be relaxed in Chapter 4. A disussion of possible time inonsisteny problemsfollows later in this setion. 80



3. R&D investment under tehnial unertaintywhere
ξT = [1− α− β]

[

Pθ

(
α

z + τ

)α( β

w

)β
]γT /α

,

ξQ = (1− β)

[

PθĒα

(
β

w

)β
]γQ/α

, (3.32)with γT = α/(1 − α− β) and γQ = α/(1 − β).Knowing present pro�t funtions, subsript 0, and future pro�t funtions, subsript
1, we an determine the optimal investment plan of the �rm. To this end, we haveto solve the stohasti ontrol problem, Eq. (3.7). Controlling the �ow of investments,
I(t) = {0, Imax}, the �rm maximises the value of the investment opportunity F (K(t)).Introduing a disount rate r, F (K(t)) is

F (K(t)) = max
I(t)

E0





∞∫

T

πk
1 exp(−rt)dt−

T∫

0

πk
0 exp(−rt)dt



 . (3.33)The �rst integral in Eq. (3.33) sums up the disounted ash-�ows generated after om-pleting the R&D projet. The seond integral desribes the sum of investments required.Eq. (3.33) is subjet to Eq. (3.26), Eqs. (3.31), and K(T ) = 0. The ompletion time Tof the projet is stohasti. As the �rm has only an expetation about this value, thepresent time expetation value operator E0 ats on both integrals.As shown in Setion 3.3, standard dynami programming tehniques provide a meansto derive a ritial value K∗ for the expeted ost to ompletion. This threshold deideswhether or not to invest. In the region where investment is pro�table, investment withthe possible maximum rate (c = 1 in Eq. (3.27)) maximises the value funtion F (K) inEq. (3.33). Hene, the optimal investment rule is
I(t) =

{
πk
0 if K < K∗ ,
0 if K > K∗ .

(3.34)Only if the expeted ost to ompletion are below the ritial threshold K∗, investmentat the maximum produtive investment rate πk
0 is optimal. The projet will be arriedout. Otherwise, the �rm will refrain from investments.

K∗ is a free boundary and an be alulated numerially by solving the followingseond order ordinary di�erential equation for I = πk
0 .36 We have

0 = −1− ∂F (t)

∂K(t)
+

γ2

2
K(t)2δK(t)

∂2F (t)

∂K(t)2
, (3.35)under onditions

F (0) = πk
1/r , lim

K→∞
F (K) = 0 , F (K∗) = 0 , F ′(K∗) = 0 . (3.36)36Compare to Eq. (3.12) and its solution by dynami programming.81



3. R&D investment under tehnial unertaintyParameter ValueTehnial unertainty γ 0 .. < 1.4Tehnial unertainty δ 0 .. < 0.5Energy output elastiity α 0.1 .. 0.5Labour output elastiity β 0.1 .. 0.7Total fator produtivity θ 1.0Output prie P 1.0Input prie of energy z 0.1 .. 1.0Input prie of labour w 0.1 .. 1.0Energy e�ieny of urrent tehnology φ0 1.0Energy e�ieny of future tehnology φ1 1.2 .. 2.0Disount rate r 0.05Per-energy tax rate τ 0 ... 1.0Table 3.6.: Parameters used in the numerial solution.The �rst ondition desribes the payo� after ompleting the R&D projet. The seondone states that for large K it is not reasonable to start the projet at all. The two lastboundary onditions math the regions of investment and non-investment.Having all formalities set, we an next analyse how environmental poliy and its strin-geny in�uene investment deisions. We study how the ritial ost for ompletion K∗depend on the poliy regimes. Note that poliy enters the problem via Eq. (3.34) andEqs. (3.36) as the investment rate I and the payo� after ompletion V are a funtion ofthe environmental stringeny τ .3.5.3. Parameter set-up and stability disussionFor a wide range of parameters (see Tab. 3.6), stable and systemati solutions havebeen found. The funtional dependene of the ritial osts to ompletion K∗ on poliystringeny τ shown in Fig. A.2 is typial. We will use the parameters in that �gure asthe base ase. Note that environmental stringeny is given by a tax rate τ from whihthe equivalent energy quota Ē an be derived. τ ranges between 0.0 and 1.0 implyingthat environmental poliy an double the input prie of energy. Suh a level has thepotential to lose the gap between soial and private osts in the prodution of energy(see Setion 2.2.1).In order to study the dependene ofK∗ on other model parameters, various values havebeen used keeping the other parameters �xed. Tab. 3.6 gives the range of parameters usedin the numerial solution. Note that unertainty parameters γ and δ are limited to valuessmaller than √
2 and 0.5, respetively. Otherwise, a solution for K∗ does not exist forthe hosen stohasti proess. As estimated in Setion 3.4, investment projets involvingutting-edge tehnologies are haraterised by γ ≈ 0.5. The e�ieny of the futuretehnology for the deployment of energy is desribed by parameter φ1. In omparison to82
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K∗-γ graphs for the tax and the quota regime also interset.We shall now go into more detail to provide a better intuition on the e�et of environ-mental poliy. Fig. 3.11 shows the optimal input of energy hosen by the �rm under theold (blak line) and under the improved tehnology (red line) as a funtion of environ-mental stringeny τ . In the absene of environmental poliy, the optimal input of energyis E0. When an environmental poliy is introdued, the �rm lowers its input of energyto E1. If the �rm now invests into a better tehnology, less energy would be needed to
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3. R&D investment under tehnial unertainty
φ1. It is not surprising that an inrease in φ1 indues K∗ to rise, whereas a higher zauses K∗ to fall.How do investment onditions hange if investments are subsidised with a grant ratedenoted by g? This an be answered by replaing I with (1− g)I in Eq. (3.33) and with
πk
0/(1−g) in Eq. (3.34), the upper onstraint for the maximal investment rate. Fig. 3.13illustrates the result. Investment subsidies indue an inrease in K∗. This is beause aninvestment grant implies that the �rm an invest more, and thus the investment rate anbe inreased. Therefore, the e�et goes beyond a simple redution of investment osts.Though, this would not be the ase if the �rm ould not produtively invest more (seealso Kort (1998)).3.5.5. Extension to emission tradingReently, emission trading shemes have been implemented as an alternative or omple-mentary measure to provide inentives for the redution of e.g. green house gas emissions.An example is the European Union Emission Trading Sheme introdued in 2005 (seee.g. Ho�mann et al. (2008)).We introdue the following simple sheme. The government freely distributes initialpermits for the use of energy. In the ase that the �rm wishes to expand its energyuse beyond what is permitted, the �rm an purhase the additional amount at a permitprie zap per unit of energy. Selling redundant amounts is also possible. Under theassumption that emission trade markets are perfetly ompetitive, �rms are prie-takers.To keep the model simple, the permit prie is �xed and trading osts are negleted.For omparing the three poliy regimes (taxes, quotas, emission trading), we hoose allparameters in suh a way that the �rm's optimal amount of energy is initially the samein all regimes. This means, the permit prie is set at the level of the tax rate τ , andthe ap on the input of energy Ēap is hosen to equal the optimal amount of energyin the quota regime. Thus, the use of energy is the same in all regimes until the newtehnology φ1 has been developed. It is implied that initially the �rm will neither buynor sell emission allowanes. Only after ompleting the R&D projet will the �rm adjustits inputs L and E. Future instantaneous pro�t �ows in the ap-and-trade regime π

ap
1are derived in a similar proedure as in the two other regimes. Eqs. (3.29) and (3.32) aregiven for the ap-and-trade regime as

π
ap
1 (E,L;φ1) = maxE,L

{

Pθ(φ1E)αLβ − zE − wL− zap(E − Ēap(τ))}
= ξapφγap

1 + zapĒap(τ) , (3.37)with
ξap = [1− α− β]

[

Pθ

(
α

z + zap)α(β

w

)β
]γap/α

, (3.38)where γap = α/(1−α−β). zap denotes the equilibrium permit prie. Note that Ēapis a funtion of the poliy parameter τ . Next, we solve Eqs. (3.35-3.36) using Eq. (3.37).87
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Figure 3.15.: Optimal inputs of energy and labour in the tax regime (T), in the quotaregime (Q), and in the ap-and-trade regime (ET).followed by quotas.Environmental poliy thus implies an inrease of energy osts potentially losing thegap between related external and soial osts. However, this is paid for dearly as inen-tives to invest in energy-saving tehnologies are diminished. This disadvantage ould beavoided by granting R&D subsidies.3.5.6. Limitations and onlusionsWe have studied the impat of environmental poliies on optimal R&D investment plansof a single �rm. The �rm makes its investment deision under tehnial unertainty andirreversibility. The entral �ndings are
• Investment in energy-saving tehnologies inreases with tehnial unertainty. Thisis due to the fat that only by investing an the �rm learn about the remainingost to ompletion. This �nding is in line with other literature, e.g. Kort (1998).
• Taking aount of tehnial unertainty γ = 0.5, ritial investment osts inreaseby 43 % for the tax and 44 % for the quota regime. This example holds for thease that environmental poliy doubles the prie of energy.
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3. R&D investment under tehnial unertaintyParameter Impat on K∗Tehnial unertainty γ ++Tehnial unertainty δ +++Energy output elastiity α ++Labour output elastiity β +Input prie of energy z - - -Future tehnology for deployment of energy φ1 ++Environmental stringeny τ - - -R&D investment grants g ++Equilibrium permit prie zap - -Table 3.7.: Impat of seleted parameters on the sum of ritial investment osts in rela-tion to the base ase (Fig. A.2). Signs imply: +/- moderate impat on K∗,++/- - strong impat on K∗, +++/� deisive impat on K∗.
• The more stringent environmental poliies are set, the less the inentives to investin R&D as investment resoures and future payo�s are redued.
• Granting R&D subsidies is a ountermeasure.
• Among the three environmental poliy regimes, emission trading performs best interms of induing energy-saving R&D. The �rm an �exibly hoose its inputs withthe additional option to buy emission permits.
• The advantage of the ap-and-trade regime amounts to approximately 5 % relativeto the quota regime in the ase that environmental poliy doubles the energy prieand the equilibrium permit prie equals the energy prie. The �rm will hoose tobuy additional permits.
• The ranking of the tax and the quota regime is ambiguous. Only for very lowlevels of environmental stringeny do taxes dominate quotas. For these levels ofenvironmental stringeny τ , the �rm an additionally bene�t from expanding itsinputs under the new tehnology. However, this bene�t dereases with τ . At thepoint of intersetion, the advantage is no longer big enough to balane the higherenergy taxes whih the �rm does not have to pay under the quota regime. Modelparameters in�uene foremost the slope. The intersetion point between the tworegimes is muh less sensitive to parameter hanges. Table 3.7 summarises thequalitative results for the omparative statistis.
• In a realisti range for the level of environmental stringeny, the ranking of thethree poliy regimes is unambiguous: emission trading performs best followed byquotas.Several assumptions were made. First, we onentrated on the impat of environmen-tal poliy on a single �rm. Doing so, we negleted aspets of ompetition and knowledge90



3. R&D investment under tehnial unertaintyspillovers. The former an provide inentives to aelerate investments, whereas the lat-ter slow them down. Seond, we have assumed that the deision to perform R&D doesnot depend on �naning resoures. This simpli�ation is realisti for established �rmsthat exerise strong market power and have exess to su�ient �naning resoures (seealso the disussion in Setion 3.3.4.). As a possibility for future researh, the model anbe extended to inlude autioning. Finally, we have assumed that environmental poliyone set does not hange. In doing so, we assume that poliy institutions are myopi;a ommitment problem does not exist. However, time onsisteny an be an unrealistiassumption sine an ex-ante optimal poliy might be ex-post less favourable. For exam-ple, one �rms have invested, the government an turn towards other objetives. Thisan imply hanging poliies, e.g. taking bak taxes in order to give national �rms a om-petitive advantage in international markets. Then results would depend upon the abilityof �rms or poliy institutions to antiipate hanges and adopt their optimal strategiesaordingly. However, institutional and legal obligations build natural barriers againstrapid hanges. Hene, the assumption of ontinuing a ertain poliy stringeny level anhold at least for short- and medium-term projets. Impliations if two unertainties arepresent, tehnial and poliy unertainty, are explored in the next hapter.3.6. Chapter summaryWe have studied the impliations of irreversibility and tehnial unertainty on the R&Dinvestment deisions of a single �rm using the sequential investment model with the op-tion to abandon, developed by Pindyk (1993). Dynami programming tehniques andMonto Carlo simulation have been applied to solve and extensively disuss the model. Re-sults on�rm that tehnial unertainty raises the ritial threshold for investment osts,adding a value to the R&D projet in omparison to the ase of ertainty. An inrease inthe payo� from ompleting the projet inreases the value of investing. An inrease in therisk-less disount rate and the maximum produtive investment rate shrink the region forinvestment. But the impat of the latter is less sensitive to higher investment rates. Wefurthermore found that the risk for non-pro�table investments inreases exponentiallywhen approahing the border between the regions of investment and non-investment.The model was extended for environmental poliies, feed-in tari�s, to study the in-vestment deision in o�shore wind parks by large energy orporations. Germany's �rstommerial o�shore farm, Balti 1, served a ase study. Apart from tehnial uner-tainty, unertainty related to ash-�ows from the projet were inluded by onsideringa orridor for expeted operation and maintenane osts. Multiple regressions of datafor di�erent European o�shore parks were performed, resulting in the �nding that ex-peted investment osts amount to about 135 MEUR / 140 MEUR depending on thedistane from shore. Tehnial unertainty was estimated to be about γ = 0.5. Thismagnitude indues the ritial threshold for the expeted investment ost to inrease by12 %. Results furthermore showed that under the German Renewable Energy ResouresAt of 2009, Balti 1 an be run pro�tably. However, the guarantee of a sprinter bonus isruial. Under this regime, risks of non-pro�table investments are not higher than 9 %.91



3. R&D investment under tehnial unertaintyA third modi�ation to the model was made to study the in�uene of environmentalas well as tehnology poliies on the deision of a single �rm to develop an energy-savingtehnology. We analysed Pigouvian energy taxes, energy quotas, R&D subsidies, and asheme for emission-trading. The entral �nding was that investment in energy-savingtehnologies will inrease with tehnial unertainty. In fat, the ritial threshold forexpeted investment ost inreases by more than 40 %. This holds even if environmentalpoliy doubles the input osts for energy. However, more stringent environmental poliieshamper R&D investments. This an be balaned out by granting investment subsidies.Among other model parameters, the e�ieny parameter of the new energy-saving teh-nology and the energy output elastiity also positively in�uene the ritial threshold forexpeted investment ost. However, the input prie of energy and the equilibrium per-mit prie have a negative impat. When ranking environmental poliy regimes, emissiontrading performs best in terms of induing energy-saving R&D. The ranking of the taxand the quota regimes are ambiguous. Only for low environmental stringeny will taxesdominate quotas.Despite limitations, generi features of R&D have been inorporated into our models.They allowed us to eluidate the dynamis of investment deisions of a monopolisti �rmunder the in�uene of environmental poliies.
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4. R&D investment under tehnial andpoliy unertainty4.1. MotivationDue to market failures and ine�ienies of the innovation system onneted with theprodution of knowledge and environmental externalities, the level of green R&D invest-ments is below its potential. Governments apply various inentive measures to overomeinvestment barriers and to diret the development of tehnologial hange, suh as theprovision of investment grants or the imposition of environmental taxes and quotas.Thus, a �rm's investment deision also depends on environmental poliy parameters inaddition to organisational and �nanial resoures, prospetive ash-�ows, and sienti�hallenges.1 But environmental regulations are likely to be subjet to substantial uner-tainty.Reasons for poliy unertainty are various. Some are related to governmental learning.It might, for example, beome neessary to adjust poliies with the arrival of new infor-mation, e.g. after an evaluation yields the result that a regulation is not e�ient. Comingto a better understanding of the impats of environmental damages and assoiated ostsis another example for adjustments in poliy. But environmental poliy unertainty analso be aused by hanges in other poliy areas swithing regulative priorities. Fig. 4.1illustrates the frequent adjustments of taxes in Germany that are imposed on the use offuels (introdued in 1951) and the use of eletriity (introdued in 1999). It an be seenthat these environmental taxes have hanged within relatively short periods omparedwith the time horizon of many researh projets. Additionally, inreases in taxes anbe large. For example, the tax rate for the use of eletriity in the industrial, agriul-tural, and forestry setors was sextupled within 5 years from 2.05 EUR/MWh to 12.3EUR/MWh.Apart from environmental regulation via taxes, quotas, or legislation, inentives inform of R&D subsidies (e.g. as projet grants) are also subjet to unertainties. Besidesthe reasons for poliy hanges stated above, governmental R&D programmes are typi-ally installed for only a ouple of years. Their aim is to foster partiularly short- andmid-term investment behaviour. It is furthermore not known if suh a programme wouldbe ontinued or how funds would be alloated, e.g. for the promotion of eo-innovations.These deisions are often only made after long negotiations with stake-holders and in-terest groups. Therefore, unertainty about the availability of subsidies an stronglya�et the planning of long-term R&D. Fig. 4.2 shows the development of seleted energy1See also Setion 2.1 for �ndings in the literature on poliy as a fator in green tehnologial progress.93



4. R&D investment under tehnial and poliy unertainty
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4. R&D investment under tehnial and poliy unertaintyR&D subsidies from national (1991-2008) and European programmes (1997-2008). Asthe data illustrate, the alloation of funds is not at all exlusive to environmental R&Das large sums are direted to fusion and �ssion R&D. In the ase of national funds, onaverage 183 MEUR have been spent annually on R&D of environmental tehnologies.The fous of the German government was on the development of renewable energy re-soures (RES) and a more e�ient deployment of energy. At the EU level, R&D fundsunder the diretive of DG Researh supported foremost projet proposals related to fuelells, energy soures, energy transport, energy storage (in partiular hydrogen), renew-able energies, CO2-apture, and soio-eonomi interdependenies. Researh under thediretive of DG TREN supported demonstration measures for renewable energies, eo-building, polygeneration (e.g. ombined heating and eletriity), and alternative fuels.An average of 124 MEUR (DG Researh) and 122 MEUR (DG TREN) have been spentannually. However, funds strongly �utuate with standard deviations of 61 MEUR and25 MEUR respetively. In the ase of funding from DG Researh, support even droppedto zero in 2004.Certainly, poliy unertainty impats the investment deision in addition to tehnialunertainty. In this hapter we extend the models from Chapter 3 to inlude both, andwe will study how this in�uenes the optimal R&D deision of a single �rm. After ashort review of the real options literature that onsiders poliy unertainty, we introdueour approah to formalise this type of unertainty. Two models with two di�erent typesof unertainty will be developed, i.e. unertain R&D investment grants and unertainquotas and taxes on the use of energy.4.2. Review of real options literature onsidering poliyunertaintyIn the last deade, the literature studying the impat of poliy unertainty on a �rm'sinvestment deision has been steadily growing; see Niemann and Sureth (2008) for areview. Most ontributions fous on poliy unertainty in general (Hassett and Metalf,1999; Böhm and Funke, 2000; Agliardi, 2001; Pawlina and Kort, 2005; Ho�mann et al.,2008; Alvarez and Koskela, 2008; Niemann, 2010). Unertainty of environmental poliyis onsidered in Larson and Frisvold (1996); Farzin and Kort (2000); Isik (2004), andBaker and Shittu (2006). To the best of our knowledge, this thesis is the �rst to ombineunertainty about the tehnial advane of a sequential R&D projet and (environmental)poliy unertainty.Investment tax redits for new apital, i.e. impliit investment subsidies, are studiedin the seminal ontribution of Hassett and Metalf (1999). They model the evolution ofafter tax returns allowing taxes to swith randomly between a high and low level. Poliyhanges are assumed to be mean-preserving by linearly relating the Poisson distributedarrival rates to output prie realisations. Hassett and Metalf (1999) �nd that in timesof high apital osts (low tax redits) the inentive to postpone investments inreases;it is optimal to wait for the likely up-oming improvements. Likewise, investments areaelerated if apital osts are low. The authors �nd that the impat of poliy unertainty95



4. R&D investment under tehnial and poliy unertaintydepends on the assumed stohasti proess. Using a geometri Brownian motion, aninrease in unertainty hampers investments, but a stationary jump proess an alsoresult in an aeleration of investments. The latter �nding opposes the onjeturedtruism that greater poliy unertainty is ounterprodutive for investments. This is thestarting point of Böhm and Funke (2000) who assume demand unertainty (Brownianmotion) and hanges in investment redits. The latter follow a ontinuous-time Poissonproess swithing between a high and a low level, as in Hassett and Metalf (1999).Hene, the resulting value funtion for the investment opportunity depends on a ombinedBrownian motion-jump proess. Numerial results support the general wisdom insofar asthe impat of tax unertainty on the optimal investment deision is very small. Therefore,tax unertainty should neither be 'blamed' for a hesitant investment behaviour nor willa poliy that aims to redue tax unertainty be a 'magi bullet'.Agliardi (2001) analyses the interplay of unertainty in the prie of the apital stok(Brownian motion) and unertainty about future operating ash-�ows. The prie of theapital stok is furthermore subjet to disrete jumps aused by hanges of investmentgrants (Poisson arrival). The e�et of unertainty about hanging investment grants isambiguous, but the higher the arrival rate, the lower the ritial investment threshold is.Hene, with inreasing poliy unertainty, investments slow down. Niemann (2010) on-�rms that the impat of unertainty on investment tax redits is ambiguous. The authormodels unertainty as an arithmeti Brownian motion whih is not perfetly orrelatedwith ash-�ow unertainty2. Niemann (2010) �nds that investments are aelerated ifunertainty about the ash-�ow and its orrelation with poliy unertainty are high.Pawlina and Kort (2005) study the impat of unertain and disrete 'strutural hanges',e.g. aused by tax poliies. They assume that the value of an investment projet followsa geometri Brownian motion and a strutural hange happens if it reahes some triggervalue. The �rm is unertain about the trigger value but expets a higher probabilityfor hanges to our in booming times. This will ause investment osts to jump to anunertain, higher level - e.g. when investment tax redits are ut. The new feature intheir model is that the strutural hange does not arrive at a onstant rate over time asis assumed with Poissonian distributed arrivals. In the ase that a jump in investmentosts is likely, Pawlina and Kort (2005) obtain that it is optimal to invest just beforethe hange ours. Unertainty about the trigger value that auses the hange has anambiguous impat. Initially, as long as unertainty is still small, the ritial projetvalue that indues investments dereases. Thus, earlier investments are optimal. How-ever, if unertainty ontinues to grow, this ritial value inreases and investments arepostponed. Pawlina and Kort (2005) furthermore �nd that a poliy aiming to enourageinvestments should abstain from using unertainty as a poliy instrument. Otherwise,the average expeted time to invest diminishes by 23 %. A similar result is obtainedby Isik (2004) who studies the impat of ost-share subsidies on the deision to adoptsite-spei� tehnologies for more environmentally-benign farming.3 Again, investments2If both are perfetly orrelated, then tax unertainty is never independent from ash-�ow unertaintysine they would be linearly related.3See also the review in Setion 2.3. 96



4. R&D investment under tehnial and poliy unertaintyare aelerated just before an expeted worsening of the investment onditions.There are a few ontributions that analyse the impat of unertain taxes. Larson andFrisvold (1996), Farzin and Kort (2000), and Baker and Shittu (2006) study the ase ofenvironmental taxes. A linear progression of taxes and tax exemptions are analysed byAlvarez and Koskela (2008) and Niemann and Sureth (2008). The ontributions onsid-ering environmental taxes have been reviewed in Setion 2.3. Here, we only report thegeneral result: unertainty about environmental poliies tends to slow down investments.However, the better a �rm is able to realise advantages from investing in abatement mea-sures, the smaller the e�et of postponing investments. This an be the ase if the �rmexpets a ut of poliy support to ome soon (e.g. a redution in ost-share subsidies) oran upoming tightening of environmental taxes or standards. Better adjustment possibil-ities of the �rm (e.g. a high substitutionability of polluting inputs) promotes investmentsin the same way.Alvarez and Koskela (2008) analyse the impliations of an unertain linear progressionof an interest inome tax and the possibility of a tax exemption. The result of theirreversible investment model is the following. If the threshold for tax exemption isbelow the sunk investment osts, investment dereases, beause the net-of-tax payo�dereases. But if the tax exemption threshold is larger than sunk investment osts, thenthree di�erent outomes are possible. If, 1), the tax volatility is low, the optimal exerisethreshold inreases and thus, investment dereases. However, the tax rate does not a�etthe optimal poliy. If, 2), the volatility inreases up to the point where the ritialvalue for investment equals the level of tax exemption, then the optimal investmentpoliy is independent of the tax rate and its volatility. If, 3), the volatility of the taxrate inreases beyond this ritial level, then the optimal investment poliy beomes afuntion of the tax rate (negative relationship) and the volatility (positive relationship).This 'tax paradox' is a result of the possibility of tax exemption. Tax exemption providesa shield against risks.Most studies have shown, poliy unertainty tends to slow down investments. However,the magnitude of the e�et depends on the possibility of a �rm to hedge against futurerisks. Furthermore, the proess best used to desribe the development of unertain poliyparameters is open to disussion. Relating the trigger of poliy hanges to other modelparameters and/or allowing for time-dependent arrival rates represent potential areas fordevelopment.4.3. Conept and formalisation of poliy unertainty4.3.1. Unertain R&D subsidiesThe question we onern ourselves with here is how poliy unertainty at the aggregatelevel, as illustrated in Fig. 4.2 translates to poliy unertainty at the �rm level. Wewill onsider R&D subsidies and assume that an R&D programme has just started. Inthis ase, it is foremost the duration of possible projet support that is unertain. Forexample, a typial funding time of an R&D projet is 3 years. In addition, there is oftenthe possibility to extend the projet for another 1-3 years depending on the demand for97



4. R&D investment under tehnial and poliy unertaintytotal subsidies and remaining programme funds, although the maximum prolongationis limited by the running time of the programme, typially 5-10 years.4 This ausesunertainty about the duration of �nanial support for the projet. It is furthermoretypial that programmes have a standard reimbursement rate of 50 % for the privatesetor. Small- and medium-size enterprises an reeive up to 75%.We will use a Weibull distribution (Weibull, 1951) to model unertainty of the timingof R&D subsidies. The advantage of a Weibull distribution is that it allows for time-dependent arrival or failure rates. We will onsider two senarios. First, we study thee�et when an R&D programme has just started and it is unertain how long the subsidieswill be granted to the �rm undertaking the R&D (swith-o� regime). We assume thatthe average support for a projet is 3 years. This de�nes the expetation value of thedistribution. Furthermore, it shall not be very likely that the support would be alreadystopped before this average funding time. This implies that the maximum value of thedistribution is reahed omparatively quikly. But afterwards, the probability to reeivefurther �naning dereases relatively slowly over time until year seven when it is almostzero, oiniding with the end of the funding programme. This assumption de�nes howto hoose the parameter desribing the slope of the Weibull distribution. Seondly, westudy the e�et when an R&D programme is still in the phase of planning and hasnot yet been started. Here, a �rm planning to start a projet is now unertain aboutthe atual time when funds will be available (swith-on regime). We assume that theprobability is high that subsidies will beome available within the next two years. Thisde�nes the expetation value of the seond distribution. Furthermore, the probabilitythat the programme start would be postponed for more than 3 years shall be low.The Weibull distribution for a random variable TC , i.e. the time at whih the poliyhange ours, and its expetation value Ewb(TC) are de�ned by
fwb(TC) = αβ T β−1

C exp(−αT β
C) , (4.1)

Ewb(TC) = α−1/β Γ(1 + β−1) , (4.2)where α > 0 is the sale parameter, β > 0 the shape parameter, and Γ() is the Γ-funtion(Abramowitz and Stegun, 1972, p. 253-294). The onsiderations made above about thepoliy regimes are best �t by the following parameters. For the swith-o� regime, we4An important soure for projet grants to arry out energy R&D in Germany is the Federal EnergyResearh Programme (BMWi, 2005). The 5th programme period ran from 2003-2008. Currently,the follow-up programme is in preparation, inluding disussions with stake-holders (e.g. Helmholtz-Gemeinshaft (2009); Leopoldina (2009); Frauenhofer (2010)) and �ne-tuning. The new nationalenergy onept is due in Otober 2010. The 6th Energy Researh Programme is planned to start inmid 2011. Aording to press releases, it is expeted that more �nanes will be available for 1) R&Dof energy storage tehnologies, 2) re-modelling of energy networks, and 3) projet grants. At theEU level, the Researh Framework Programmes provide grants for R&D. For example, more than 50Billion EUR are available in 'key themati areas'. Among these are 'energy' and 'environment (inl.limate hange)'. EU Funding Programmes support projets on average between 3-5 years. In someases, the projet an be extended. The urrent funding period started in 2007 and ends in 2013.Negotiations with member states about the up-oming 8th programme period have started in 2009.See e.g. http://e.europa.eu/researh/fp7/pdf/fp7-inbrief_en.pdf.98
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Figure 4.3.: Left-hand side: Weibull distribution for the poliy swith-o� regime. Right-hand side: Weibull distribution for the poliy swith-on regime.hose α = 16.81 and β = 2.6. The swith-on regime is modelled by α = 2039 and β = 5.The resulting realisations for the Weibull distribution are illustrated in Fig. 4.3.The variane of the Weibull distribution is also known analytially to be
Var(TC) = α−2/β

(
Γ(2β−1 + 1)− Γ(β−1 + 1)2

)
. (4.3)4.3.2. Unertain taxes and quotas on the use of energyFrom Fig. 4.1 it an be seen that the tax rate on the use of energy in Germany has beenfrequently hanged sine its introdution in 1999. The last hange however ourredin 2002. Following the urrent disussion in Germany about the upoming new energyonept, one might expet that the probability of a new adjustment in the near futureis high. We take this onjeture as the starting point for our next analysis of the e�etof poliy hanges on the optimal deision of a �rm to invest in environmental R&D. Aspoliy instruments, we will onsider a per-unit energy tax and a quota on the use ofenergy.Unertainty about the timing of a poliy hange at TC is modelled using a Weibulldistribution, Eq. (4.1). Parameters α and β are hosen to �t the expetation that ahange in poliies ours within 1 year or 2 years after the start of an R&D projet, seeEq. (4.2). The appropriate hoie of parameters is α = 819.52, β = 5 and α = 25.61,

β = 5, respetively. Resulting Weibull distributions are illustrated in Fig. 4.4. Theleft graph in this �gure furthermore inludes a Weibull distribution with onstant arrivalrates, i.e. α = 8.33 and β = 1. α is hosen to �t an expetation value of EWB = 12months. We use this partiular representation of a Weibull distribution to analyse thee�et of onstant versus time-dependent arrival rates.
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4. R&D investment under tehnial and poliy unertaintyduration of support via subsidies is not known (poliy swith-o� at stohasti time TC).In the seond regime, the launh of a new R&D programme is unertain (poliy swith-onat stohasti time TC). These kinds of poliy unertainties will be modelled with theWeibull distributions fwb(TC) spei�ed in Setion 4.3.1. Note that the possibility of apoliy hange is exogenous to the single �rm8.By investing, the �rm redues the total ost expeted for ompleting the projet. Butthe remaining sum is subjet to unertain hanges that are aused by sienti� progressor tehnial drawbaks during the implementation. Like in Chapter 3, the expetedhange in the remaining ost to ompletion is modeled by a ontrolled di�usion proess
dK(t) = −I(t)dt+ γ

√

I(t)K(t)dω(t) . (4.4)Again, the ontrol I(t) an take two values: I = Imax if it is optimal to invest, and
I = 0 otherwise. γ measures tehnial unertainty, and dω(t) is the inrement of aWiener Proess.The �rm deides whether or not to invest by omparing expeted ash-�ows from theprojet (one it is realised) with the umulated sum of investments needed. If the bene�tsare larger than these osts, investment is optimal. Otherwise the projet is abandoned.Note that investment osts are irreversible. The value of the investment opportunityis desribed by the value funtion F (K(t)). Only if F (K(t)) > 0, is the R&D projetpro�table. If F (K(t)) equals zero, the �rm is indi�erent as to whether or not to invest.The assumption of a maximum produtive investment rate implies that subsidies onlyin�uene F (K(t)) by lowering the �rm's own investment expenses. Hene, governmentalsupport an indue the �rm to invest in R&D projets that would otherwise not bestarted. This reates two ritial thresholds for the total sum of investment. The �rstone is the value that makes investment optimal due to the subsidy. The seond one isthe threshold that makes investment optimal regardless of poliy support. The valuefuntion F (K(t)) is given by

F (K(t)) = max
I(t)

E0





∞∫

T

P exp(−rt)dt−
T∫

0

I(t)(1− S(t)) exp(−rt)dt



 , (4.5)where E0 is the present expetation value operator, r is the disount rate, and S(t) is thesubsidy rate.In the deterministi ase, i.e. if γ = 0, we an derive an analytial solution for Eq.(4.5) using T = K/Imax and V = P/r. For the poliy swith-o� regime, it holds that
S(t) = 0 for t > TC and S(t) = s for t < TC . We obtain

K∗(γ = 0, TC) =
Imax
r

ln

(
1 + r V/Imax

1 + s (e−r TC − 1)

)

. (4.6)8It would be possible to allow e.g. the size of subsidies to depend on the progress of a single R&D projet,but this is left to future researh. Suh an extension would require a stohasti drift term I(t, v)with v desribing stohasti poliy hanges in the ontrolled di�usion proess for the development ofritial investment ost K∗, see Eq. (4.4). 101



4. R&D investment under tehnial and poliy unertaintyFor the poliy swith-on regime, S(t) = 0 for t < TC and S(t) = s for t > TC , we get
K∗(γ = 0, TC) =

Imax
r

ln

(
1− s+ r V/Imax

1− s e−r TC

)

. (4.7)For s = 0, both results are redued to Eq. (3.8) as expeted.In the unertainty ase, we solve the problem by a bakward Monte Carlo simulationusing the Longsta�-Shwartz method (Longsta� and Shwartz, 2001)9. For varying teh-nial unertainties γ, we simulate the dependene of the ritial investment threshold
K∗ on TC . Next, we onvolute eah of the funtions K∗(γ, TC) with the Weibull distri-butions spei�ed in Setion 4.3.1. By this, we obtain a Weibull average for K∗ denotedby < K∗ >. This value is then a funtion of both tehnial and poliy unertaintyparameters10. < K∗ > is formally de�ned as

< K∗(γ, TC) >=

∫ ∞

0
K∗(γ, TC) fwb(TC) dTC

/ ∫ ∞

0
fwb(TC) dTC . (4.8)4.4.2. Disussion of the resultsUnertainty about the duration of R&D subsidies (swith-o� regime)We onsider the same set of parameters as used for the basi model in Setion 3.3. A�rm invests with a maximum produtive investment rate of Imax = 2 yielding a payo�from the projet after ompletion of V = 10. The disount rate is r = 0.05. Thus, inthe ertainty ase, K∗ an grow from 8.9 (s = 0 for all times t) to 16.2 (with s = 0.5 forall t). This follows from Eq. (4.6) and reates the two blak dashed lines in Fig. 4.5. Ifsubsidies are ut at a ertain time TC , K∗ is given aording to Eq. (4.6). This result isshown by the blak solid line in Fig. 4.5. The other graphs show the ritial investmentthreshold K∗ as a funtion of TC for di�erent values of the tehnial unertainty γ. Thelines interpolate the symbols, whih themselves show the values obtained by di�erentsimulations. As expeted from the basi model in Setion 3.3, K∗ inreases with higher

γ and the larger TC . In addition, Fig. 4.5 shows a grey line at TC = 3 years. The greyline shows the expetation value of the Weibull distribution EWB = 3 years. The twodashed lines at TC = 1.8 years and TC = 4.2 years indiate the orresponding on�deneinterval of the standard deviation σ =
√

Var(TC) (see Eq. (4.3). We will use this intervalto show the e�et of poliy unertainty.The onvolution of theK∗(γ, TC )-funtions with the Weibull distributed TC , Eq. (4.1),yields the blue symbols in Fig. 4.6. For expeted investment ost to ompletion K greaterthan the values depited by the symbols, investment is not pro�table even with poliysupport. There is also a region where investment is pro�table in the absene of poliysupport - the region below the blak graph whih results from assuming s = 0 for anytime.9Details are desribed in Setion 3.3.2. We approximate expeted onditional projet values in thesimulation using a polynomial regression of degree 5.10This allows us to substantially shorten the simulation time by not having to simulate both unertaintiesat one. 102
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4. R&D investment under tehnial and poliy unertaintyFig. 4.6 furthermore shows a dashed green line obtained by assuming a ertain hangein the poliy at TC = 3 years. Note that for higher γ, the blue symbols are slightly belowthe green line. This is aused by poliy unertainty. The deviation towards smaller K∗for γ > 0 results from the asymmetry of the Weibull distribution due to our hoie ofparameters.The distribution of subsidy ut-o�s is almost symmetri with a maximum around 3 yearsand reahing zero around seven years. The small asymmetry towards the likelihood ofa shortened provision of subsidies lowers K∗. In between the blak and the green line,investment is pro�table if the swith-o� time of subsidies is Weibull distributed.The impat of unertainty about the duration of poliy support an be seen fromthe error margins σ to the blue symbols.11 K∗ shifts to lower values in ase of badnews whereas, good news enlarges the region of pro�table investment. For γ = 0, thesevalues show the exlusive impat of poliy unertainty on K∗. In this ase, the ritialinvestment threshold an take values between K∗ = 10.7 and K∗ = 12.9.12 Finally, itan be seen that with growing tehnial unertainty γ, the error margins σ(TC) inrease.Hene, the optimal investment strategy beomes more sensitive to poliy unertainty themore the R&D projet is subjet to tehnial unertainty.Unertainty about the launh of an R&D programme (swith-on regime)The same parameter set-up is used to study the impat of an unertain arrival of invest-ment subsidies of size s = 0.5. The parameters are Imax = 2, V = 10, and r = 0.05. Theexpetation of the arrival time is EWB(TC) = 2 years with standard deviation σ(TC) = 0.5years. The ritial osts to omplete the projet K∗ in dependene on tehnial uner-tainty γ and a ertain hange in poliies at TC are shown in Fig. 4.7. If both unertaintiesare absent, we obtain the dashed/dotted blak lines and the blak solid line. These linesfollow from assuming s = 0 at any time, s = 0.5 for all times, and s = 0.5 for t > TC ,respetively. For γ > 0, results are again obtained by Monte Carlo simulations. Fig. 4.7shows that the later the subsidies are available, the lower K∗ is. K∗ also dereases withlower γ. Note that a launh of the R&D programme later than TC = 4.5 for γ = 0 meansthat the projet is never supported. From the onvolution of eah of the γ−TC -funtionswith the Weibull distribution, Eq. (4.1), we obtain the dependene of < K∗ > on bothunertainties. This is illustrated in Fig. 4.8. The result is similar to the swith-o� regime.The plane of < K∗ > and γ is divided into three regions: a region where investment isalso pro�table in the absene of poliy support, a region where investment is pro�tableif subsidies are Weibull distributed, and a region where investments are not pro�table atall. The latter region expands in ase of bad news and shrinks in ase of good news aboutthe up-oming poliy support. There are three di�erenes in omparison to the swith-o�regime. First, in the swith-o� regime, the gap between < K∗ > in the ase of unertainpoliy support and the ase of no poliy support grows with tehnial unertainty γ (seeFig. 4.6).11The error margins are obtained by evaluating K∗ at E(T1)± σ(T1) in Fig. 4.5 for eah γ.12Note that K∗ = 8.9 if s = 0.0 for all times, and K∗ = 16.2 if s = 0.5 for all times. This holds in theabsene of unertainties. 104
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4. R&D investment under tehnial and poliy unertaintyBut in the swith-on regime, the distane between these two regions does not hange.Note that γ ≥ 0.5 for typial R&D projets (see Setion 3.4.3). Seond, < K∗ > is moresensitive to poliy volatility in the ase of the swith-o� regime. Both e�ets imply thatertainty about the prospet of ontinuing a projet with poliy support is more valuablethan ertainty about the launh of an R&D programme.Third, an imaginary line onneting the blue symbols in Fig. 4.8 is slightly higher thanthe dashed green line. This is opposite to Fig. 4.6. This is aused by our di�erent hoiesfor the parameters of the Weibull distribution. Note that the Weibull distribution in theswith-on regime has an asymmetry towards swithing times smaller than the expetationvalue set to TC = 2 years. While this enlarges the region of pro�table investments, theopposite is true for the swith-o� regime.Conlusions and limitationsWe have studied the impat of tehnial unertainty and unertainty about the timing ofsubsidies on R&D investment onditions.13 Tehnial unertainty an be atively reduedby a ontinuation of investments. The timing of an R&D programme is modelled with aWeibull distribution allowing for time-dependent arrival rates. We �nd that the ritialthreshold of investment osts inreases with tehnial unertainty. Poliy unertaintyreates unertainty about this ritial threshold. In ase of bad news (i.e. an earlierut in subsidies or their later introdution), the region of pro�table investment shrinks.However, it enlarges if the news about poliy support is good. The ritial threshold forthe ost to ompletion is more sensitive to an unertain poliy timing for higher valuesof tehnial unertainty γ. This e�et is relatively small in the poliy regime with anunertain launh of an R&D programme.Several simpli�ations have been made in the model. In addition to the limitations ofthe basi model disussed in Setion 3.3.4., the extended model leaves out osts our-ring during the appliation proess for subsidies. Furthermore, we have negleted ostsourring when the projet is stopped mid-stream, e.g. a relaim of subsidies. Finally,poliy unertainty is not related to other model parameters. The relaxation of theseassumption is left to future studies.4.5. Appliation: unertain energy taxes and quota4.5.1. The model and its solutionWe extend the model from Setion 3.5 by introduing poliy unertainty about the timingof a hange in energy taxes and quotas. Again, a �rm plans to self-�nane an R&D projetfor developing a more energy-e�ient tehnology. There is a maximum produtive rate
Imax desribing that the projet needs time to be ompleted. The �rm has the option toabandon the projet mid-stream. We assume a Cobb-Douglas prodution funtion withdereasing returns to sale for the inputs of energy and labour. The e�ieny in the useof energy is desribed by tehnology parameter φ.13For omparative statistis of other model parameters, see Setion 3.3.3.106
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4. R&D investment under tehnial and poliy unertaintythe Weibull distribution spei�ed in Setion 4.3.2. As in Setion 3.5.2, we onsider twoenvironmental-poliy regimes: a tax regime setting a per-unit energy tax τ , and a quotaregime with a binding quota on the use of energy Ē (van Soest, 2005). The governmenthooses the tax rate equalising marginal bene�ts and osts of the �rm. The amount ofenergy hosen by the �rm in this ase also de�nes the energy quota.To solve the sequential investment problem, we �rst derive a solution for the problemonsidering only tehnial unertainty dependent on a ertain hange in poliies. Forthis, Eqs. (4.9, 4.11-4.17) have to be solved (see the next page). Tab. 4.1 provides thedesription of all variables.
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4. R&D investment under tehnial and poliy unertainty1. Tehnial and poliy unertainty, poliy equations
dK(t) = −I(t)dt+ γ(K(t))δ

√

I(t)K(t)dω(t) , (4.9)
fwb(TC) = a b T b−1

C exp(−aT b
C) , (4.10)

Ē(τ, φ0) =

[

Pθ

(
β

w

)β ( α

z + τ

)1−β
] 1

1−α−β

φ
α/1−α−β
0 . (4.11)2. Optimal hoie of inputs by the �rm

q(E,L) = θ(φ1E)αLβ with α, β > 0, α+ β < 1 , (4.12)
πk(φ(t), τ(t)) =

{

ξT φ
α/(1−α−β)
1 for k = T ,

ξQφ
α/(1−β)
1 − zĒ for k = Q ,

(4.13)
ξT = [1− α− β]

[

Pθ

(
α

z + τ

)α( β

w

)β
]1/(1−α−β)

,

ξQ = (1− β)

[

PθĒα

(
β

w

)β
] 1

1−β

. (4.14)3. Optimal R&D investment deision by the �rm3a. Poliy hanges before the R&D projet is ompleted, i.e. TC < T

F k(K(t)) = max
I(t)

E0





∞∫

T

πk(φ1, τC) exp(−rt)dt

−
TC∫

0

πk(φ0, τ0) exp(−rt)dt−
T∫

TC

πk(φ0, τC) exp(−rt)dt




 . (4.15)3b. Poliy hanges after the R&D projet is ompleted, i.e. TC > T

F k(K(t)) = max
I(t)

E0





T+TC∫

T

πk(φ1, τ0)exp(−rt)dt +

∞∫

T+TC

πk(φ1, τC) exp(−rt)dt

−
T∫

0

πk(φ0, τ0) exp(−rt)dt



 . (4.16)3. Self-�naning restrition
I(t) =

{

Ikmax = πk(φ(t), τ(t)) if F (K(t)) > 0 ,

Ikmax = 0 else .
(4.17)
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4. R&D investment under tehnial and poliy unertainty1. Tehnial and poliy unertaintyEq. (4.9) K(t) - expeted investment ost to ompletion
I(t) - rate of investment
t - time
γ - tehnial unertainty, parameter > 0
δ - tehnial unertainty, parameter 0 < δ < 0.5
dω(t) - inrement of Wiener proessEq. (4.10) fwb - Weibull distribution
TC - time of poliy hange
a - sale parameter > 0
b - shape parameter > 0Eq. (4.11) Ē(τ, φ0) - energy quota (see also A.5.1. for the derivation)
τ(t) - per-unit energy tax rate
φ0 - urrent tehnology for the use of energy
P,w, z - prie of output, labour, and energy
α, β - prodution elastiities of energy and labour
θ - general produtivity parameter2. Optimal hoie of inputs by the �rmEq. (4.12) q - Cobb-Douglas prodution funtion for output q(E,L)
E,L - inputs of energy and labour
φ1 - improved energy tehnology after ompletion of R&D projetEq. (4.13), πk(φ(t), τ(t)) instantaneous pro�t �ows of the �rm, see also A.5.1.Eq. (4.14) k - denotes the poliy regime: taxes or quotas
φ(t) - available tehnology for the use of energy
τ(t) - environmental stringeny, subjet to unertain timing TC3. Optimal R&D investment deision of the �rmEq. (4.15), F (K(t)) - value of investment opportunityEq. (4.16) φ1 - tehnology after ompletion of R&D projet
φ0 - tehnology before ompletion of R&D projet
T - ompletion time of R&D projet
TC - unertain time of poliy hange relative to T
τ0 - environmental stringeny before poliy hange
τC - environmental stringeny after poliy hange
r - disount fatorEq. (4.17) Ikmax - maximum produtive investment rateTable 4.1.: Set of variables and parameters.
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4. R&D investment under tehnial and poliy unertaintyParameter ValueTehnial unertainty γ 0 .. 1.0Tehnial unertainty δ 0,0.1Energy output elastiity α 0.3Labour output elastiity β 0.5Total fator produtivity θ 1.0Output prie P 1.0Input prie of energy z 0.1Input prie of labour w 0.2Energy e�ieny of urrent tehnology φ0 1.0Energy e�ieny of future tehnology φ1 1.5Disount rate r 0.05Time of poliy hange TC 0 .. 50Per-energy tax rate τ 0 .. 1.0Number of paths 10000Number of time steps 30000Degree of polynomial �t 5Simulation time 50 (months)Table 4.2.: Parameters used in the numerial solution.Eqs. (4.9, 4.11-4.17) are solved for both poliy regimes using a Monte Carlo simulation.The basi proedure for the simulation has been disussed in Setion 3.3.2, but in order toinorporate a hange in poliies, the simulation has to be extended. It needs to be testedwhether poliies hange before or after the ompletion of the R&D projet sine availableinvestment resoures and payo�s from the projet depend on the poliy parameter τ .The solution of this problem is desribed by a ritial threshold K∗(t; γ, δ, TC , τ).14 Ifthe expeted investment osts to ompletion K(t) are larger than this value, investmentis not pro�table. K∗ is a funtion of the model parameters (see Tab. 4.2). We will fouson the impat of tehnial and poliy unertainty.15The results from the �rst step of the solution proedure are shown in Fig. 4.10. Theblue (red) symbols are the simulation results for the quota (tax) regime. The dashedlines are interpolations of these results.Next, we onvolute the funtions K∗(γ, TC) with the Weibull distribution for TC , Eq.(4.10). Doing so, we obtain the Weibull weighted average of K∗ denoted by < K∗ >.This value is a funtion of both unertainties. Formally, this means
< K∗(γ, TC) >=

∫ ∞

0
K∗(γ, TC) fwb(TC) dTC

/ ∫ ∞

0
fwb(TC) dTC . (4.18)Fig. 4.11 shows the result for< K∗(γ, TC ) >. Parameter hoies for tehnial unertainty14Following, we will use the short notation K∗(γ, TC).15See Setion 3.5 for the omparative statistis of the other parameters.111



4. R&D investment under tehnial and poliy unertaintyare γ = δ = 0, or γ = 0.5 and δ = 0.1. Parameter hoies for poliy unertainty are
E(TC) = 12 months or E(TC) = 24 months. For the ase that a poliy hange is expetedwithin 1 year, we alulate the results for two Weibull distributions with one havingonstant and the other time-dependent arrival rates (see Fig. 4.4).In the deterministi ase (γ = 0, TC ertain), the ritial investment threshold K∗ anbe derived analytially. A hange in the level of environmental stringeny from τ0 to τCat TC before and after the R&D projet is ompleted at T yields the result
TC < T : (4.19)

K∗ =
Ikmax(τC , φ0)

r
ln

(
1 + r V k(τC , φ1)/I

kmax(τC , φ0)

e−rTC + (1− e−r TC ) Ikmax(τ0, φ0)/I
kmax(τC , φ0)

)

+ TC(I
kmax(τ0, φ0)− Ikmax(τC , φ0)) ,

TC > T :

K∗ =
Ikmax(τ0, φ0)

r
ln

(
1 + r V k(τ0, φ1)/I

kmax(τ0, φ0)

1 + r(V k(τ0, φ1)− V k(τC , φ1))/Ikmax(τ0, φ0) e−r TC

)

.

V k = πk/r is the payo� after ompletion. Other variables are given in Tab. 4.1. Thedependene on energy e�ieny parameters φ0 and φ1 leads to di�erent ertain omple-tion times T , whih are T = 14.8 months in ase TC = 12 months and T = 15.7 monthsin ase TC = 24 months (quota regime). For the tax regime, we get T = 16.5 months inase TC = 12 months and T = 17.3 months in ase TC = 24 months. Funtions K∗(TC)given by Eqs. (4.19) for both poliy regimes are illustrated in Fig. 4.10. The solid redline (ase TC < T ) and the dotted red line (ase TC > T ) are the alulations for the taxregime. The solid blue line (ase TC < T ) and the dotted blue line (ase TC > T ) arethe alulations for the quota regime.4.5.2. Disussion of the resultsFig. 4.10 shows the ritial ost to ompletion K∗ as a funtion of the time of a ertainpoliy hange TC using di�erent tehnial unertainties γ. Blue (red) symbols are sim-ulation results for quotas (taxes). The dashed lines interpolate these symbols. We �ndfor both poliy regimes that K∗ inreases the later the environmental poliy swithes toa striter level. An inreasing energy quota or energy tax redues investment resouresas well as ash-�ows from the projet after its ompletion. The region where investmentis pro�table expands when γ grows. The quota regime yields larger K∗ ompared to thetax regime. The latter �ndings on�rm the results of the model in Setion 3.5. There,environmental poliy was set one and for all. For γ = 0, the in�exion point is reahedwhen the poliy hanges exatly at the ompletion time of the projet. This is where thesolid and the dotted line meet.The introdution of unertainty over the timing of an environmental poliy hange hasan ambiguous e�et on the borderline between the pro�table and unpro�table investmentregions. The ambiguity an be related to the existene of an in�exion point at whih theurve hanges from a onave to a onvex slope. If the poliy is expeted to hange withinthe investment phase, we are to the left of the in�exion point, and hene the onvolution112



4. R&D investment under tehnial and poliy unertainty
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Figure 4.10.: Critial investment ost K∗ as a funtion of the time of a poliy hange TCand tehnial unertainty γ.will lead to a slight inrease, in the ase that the Weibull distribution is similar toa Gaussian distribution. But if the poliy is expeted to hange after the projet'sompletion, we are to the right of the in�exion point and the slope is onvex. Therefore,the onvolution with a Weibull distribution, similar to a Gaussian distribution, willderease the ritial threshold of investment, K∗. Finally, assuming time-independentarrival rates for the poliy hange, K∗ will derease in all ases.With the introdution of poliy unertainty we �nd generally that its impat is ofmuh smaller magnitude in omparison to the in�uene of tehnial unertainty. Fig.4.11 visualises the results in a ertainty-unertainty plane for the dependene of ritialinvestment ost K∗ on the two poliy regimes. In the deterministi ase (upper leftpart), the expeted investment ost to ompletion an inrease up to 83.4/118.2 (taxregime/quota regime) if the environmental poliy is hanged in month 12. In the asethat the poliy hange happens after the ompletion of the projet in month 24, thedeterministi K∗ an inrease up to 96.8/131.7 (taxes/quotas).Next, we onsider poliy unertainty while keeping γ = 0 (see lower left part of 4.11).We observe a slight improvement of the investment onditions in ase a poliy hangeis expeted in a year and in ase arrival rates are time-dependent. The orrespondingWeibull distribution has a small asymmetry towards later poliy hanges, and further-more we are to the left of the in�exion point (ompare 83.4 with 83.6). However, assuminga onstant arrival rate for the swith in poliies and �tting the same expetation value113



4. R&D investment under tehnial and poliy unertainty
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4. R&D investment under tehnial and poliy unertaintybe ambiguous depending on the spei�ation for the distribution and the slope of K∗.These results are in line with the literature (Hassett and Metalf, 1999; Böhm and Funke,2000, e.g.). In most ases, we �nd that the ritial threshold for the ost to ompletiondereases when both types of unertainties are onsidered. However, if poliy hangesare expeted in the more distant future, poliy unertainty an enlarge the region whereinvestment is pro�table. Good surprises about environmental poliies have a strongerimpat on the ritial threshold than negative surprises.We have made several assumptions. First, the limitations of the basi model ontinueto apply. These have already been disussed in Setion 3.5.6. In addition, we haveassumed that the timing of poliies and the magnitude of hange are exogenous to themodel. A oupling of both parameters with e.g. the evolution of the expeted ost toompletion or an objetive funtion of a soial planner is an interesting topi for futureresearh. This furthermore raises the issue of time-inonsisteny of environmental poliyand strategi behaviour of �rms undertaking the R&D. Another interesting aspet toexplore is the e�et of unertainty of the magnitude of a poliy hange.4.6. Chapter summaryWe have extended the models with tehnial unertainty disussed in Chapter 3 byinluding unertainty about the timing of tehnology and environmental poliy. Thestohasti desription is modelled by Weibull distributions allowing for time-dependentarrival rates. We math these distributions to mimi urrent expetations about thetiming of governmental R&D programmes.First we modelled unertainty about the availability of investment subsidies in twodi�erent senarios. In the �rst senario, the �rm undertaking R&D is unertain aboutthe ontinuation of governmental support: the R&D programme is already in plae. Inthe seond senario, we studied an unertain start of a new R&D programme mimikingurrent expetations about the upoming German Energy Researh Programme. Forboth senarios, we obtain that poliy unertainty inreases the volatility of the ritialthreshold for the ost to omplete the projet. This e�et is ampli�ed the more theprojet is subjet to tehnial unertainty. The e�et is stronger for the �rst senario.The seond model type examined the in�uene of an unertain timing in a hange inenvironmental regulation. We studied how this impats the deision to invest in R&D ofan energy-saving tehnology. Expetations about an inrease in the stringeny of poliiesare designed to resemble a possible upoming jump in taxes for the use of eletriity inGermany. Considering energy taxes and quotas, we found, similar to the results inChapter 3, that the latter are preferable for our hoie of model parameters. The ritialthreshold for the ost to ompletion is larger under the quota regime. However, poliyunertainty lowers this ritial threshold in most ases. We furthermore observed that theassumption of onstant arrival rates for the poliy hange dereases the ritial thresholdfor the ost to ompletion. Thus, models allowing for time-dependent arrival rates shouldpredit more optimisti investment onditions.Common to all models is that the impat of poliy unertainty is smaller than that115



4. R&D investment under tehnial and poliy unertaintyof tehnial unertainty. Despite the limitations imposed, we an onlude that it ismore important to inorporate tehnial unertainty into investment deision models.However, we have negleted questions of time-inonsisteny of environmental poliy aswell as a strategi behaviour of a �rm or a soial planner. The sign of the e�et of poliyunertainty under these irumstanes is, however, of ontinuing interest.
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5. Summary, onlusions, and outlookThe entral question of these thesis is: How is the irreversible deision of a �rm toinvest in environmental R&D in�uened by unertainty about the sienti� progress andunertainty about the regulative environmental poliy framework?We explore sequential investment models that inorporate sunk R&D expenditure,tehnial unertainty, and poliy unertainty. Tehnial unertainty a�ets the sum ofexpeted osts to the ompletion of a researh projet whose evolution is desribed bya ontrolled di�usion proess. The stohasti behaviour of poliy hanges are modelledwith a Weibull distribution allowing for time-dependent arrival rates.The real options models with tehnial unertainty and their results are
• Model 1 is a basi sequential investment model that originates from Pindyk (1993).We demonstrate how to solve the model using dynami programming and MonteCarlo simulations. Comparative statistis and the disussion of model limitationsprovide the bakground for further analysis.
• Model 2 is an appliation to investments into utting-edge tehnologies (renew-able energy soures). We analyse the investment framework for the ase of the�rst German ommerial o�shore wind park Balti 1 in the ontext of the urrentRenewable Energy Resoures At. An empirial estimate yields the results thattehnial unertainty is of magnitude 0.5 and expeted investment ost for Balti1 add up to 134-139 MEUR depending on the distane from shore. Our modeldemonstrates that an investment in a wind park of omparable size is only prof-itable if the planned sprinter bonus (available for o�shore farms in operation beforeJanuary 2016) is granted along with the foreseen feed-in tari�s for the generationof eletriity. Under this poliy regime, the risk of abandoning the projet is nothigher than 9 %.
• Model 3 studies poliy inentives, i.e. R&D subsidies, taxes, non-tradable quotas,and emission trading, to enourage invests in R&D of energy-saving tehnologies.We �nd that the framework for investments beomes more attrative with inreas-ing tehnial unertainty, but it worsens the more stringent environmental poliiesare set. The �rm an atively redue tehnial unertainty by learning and hastherefore an interest to ontinue with investments. Environmental poliy, on theother hand, lowers investment resoures and prospetive payo�s from the R&Dprojet. Among energy taxes, energy quotas, and emission trading, the latter per-forms best in terms of induing energy-saving R&D. Against the onventional wis-dom, non-tradable quotas are preferable over taxes for realisti poliy parameters.117



5. Summary, onlusions, and outlookWe furthermore �nd that investment grants are able to ompensate for investmentonditions worsened under environmental poliy regimes mentioned above.Now we turn to models that inlude both, tehnial and poliy unertainty. The modelsand their results are
• Model 1 studies the e�et of unertainty about the availability of R&D subsidieson the optimal investment deision of a single �rm. We onsider two senarios inwhih poliy unertainty is designed to desribe urrent expetations about EU andnational R&D programmes. In the �rst, the �rm undertaking R&D is unertainabout the ontinuation of poliy support. In the seond senario, we analyse anunertain start of a new R&D programme that provides investment grants. Theentral �nding is that poliy unertainty inreases the volatility of the thresholdof ritial investment osts. The e�et is ampli�ed the more the projet is hara-terised by tehnial unertainty.
• Model 2 inludes unertainty about the timing of striter environmental regula-tion. We analyse the in�uene of energy taxes and non-binding quotas for energyuse on the deision to invest in the development of an energy-saving tehnology.Expetations about a hange in environmental poliies are designed to resemblea possible up-oming jump in taxes for the use of eletriity in Germany. Modelresults on�rm the preferene of the quota regime for our hoie of parameters. Un-like tehnial unertainty, poliy unertainty lowers the ritial threshold for theexpeted ost to ompletion in most ases. We furthermore �nd that the hoie of apartiular distribution to desribe regulative unertainty matters for the observede�et in terms of its magnitude and diretion.
• Common to the models that ombine tehnial and poliy unertainty is that teh-nial unertainty has a larger in�uene on the onditions of R&D investments.Based on the results of the models above, we an onlude that it is indispensable totake into aount irreversibility, tehnial unertainty, and poliy unertainty. Realistimagnitudes of both unertainties hange the size and diretion of parameters that areused to derive optimal R&D investment strategies.Ideas for future researhStill, our results derive from models that are based on restritive assumptions. This opensup possibilities for future researh inluding a) an empirial foundation of assumptionsor their rejetion, and b) a relaxation of the assumptions in extended theoretial models.In partiular, we see potential for the following researh questions:1. Empirial estimation of the real option value and the magnitude of un-ertainties in environmental R&D projets: By onsidering solely uner-tainty about the sienti� progress and the poliy framework, we distane from118



5. Summary, onlusions, and outlookunertainties in the markets and at an industry-wide level. Aording to theo-retial models, the latter are likely to reate an inentive to postpone investments,following from the fat that the majority of �rms are prie-takers. Prie volatil-ities are hene not in�ueneable and produe unertainty about the value of theinvestment opportunity. However, up to now, only a few empirial tests of theinvestment-unertainty relationship are available. Furthermore, we only found oneontribution that spei�ally onsiders eo-innovations (i.e. their di�usion) in anempirial real options framework (Kumbaroglu et al., 2008). A methodologialstarting point for suh an investigation at �rm or projet level would be e.g. Bulan(2005), Bloom et al. (2007), Czarnitzki and Toole (2008), Baum et al. (2008), andJohnstone and Hasi (2009). Related to environmental poliy and unertaintyare Johnstone et al. (2010), who onsider the importane of poliy preditability,and Horbah (2008), who estimates the role of an expeted future demand for anenvironmental innovation. A real options model for the di�usion of new renewablepower generation tehnologies is worked out by Kumbaroglu et al. (2008). Finally,unertainty onneted with tehnial progress of an R&D projet is likely to betehnology-spei� and empirial estimates are therefore of interest.2. Imperfet apital markets: By assuming that a risk-neutral �rm owns enoughresoures to self-�nane an R&D projet, we neglet �naning onstraints thatin partiular small-size �rms and newly established ompanies are likely to beonfronted with. There are some ontributions that an serve as an entry into thisline of researh. For example, Kasahara (2008) introdues �naning onstraints intoan optimal investment timing model and studies asymmetri information betweenrisk-neutral lenders and �rms. Boyle and Guthrie (2003) also analyse the impatof ostly external �naning and the possibility of future funding laks.3. Strategi e�ets and market power: In analysing the optimal investment strat-egy of a single �rm, we ignore the in�uene of rivals and market power as well asthe possibility of poliy antiipation. This opens the door to a game theoretianalysis of the strategi behaviour of ompetitors and/or the government. Gamesbetween rivals as well as models onsidering positive knowledge spillovers typiallydedue an inentive to aelerate investments as eah of the �rms aims to realisea �rst-mover advantage and to strengthen its market power (e.g. Kulatilaka andPerotti (1998); Lukah et al. (2007); Ohyama and Tsujimura (2008)). The timingand ommitment of environmental poliies an be studied in regulation games (seeRequate (2005)). For the stage of invention and after the start of an R&D pro-gramme, poliy adjustments are likely to happen after observing the progress ofan R&D projet or after reognising industry-wide learning urves. Poliies hangein dependene on the di�usion rates for the supported environmental tehnologies.The antiipation of poliy hanges an in turn lead to a orretion of the optimalinvestment path for a �rm undertaking R&D.4. Correlation of unertainties with other model parameters: In our mod-els, the timing of poliy is exogenous. Suh a simpli�ation annot desribe the119



5. Summary, onlusions, and outlookin�uene of hanging poliies that adjust e.g. aording to the sienti� progressahieved or in dependene on pro�ts realised by �rms. An example is the urrentdisussion in Germany about long-term subsidies granted to the solar industry.Therefore, a straightforward extension of our model would be to allow for an un-ertain size of the poliy hange. Another idea would be to ouple environmentalpoliy adjustments with model parameters. For example, Hassett and Metalf(1999) design a model for general apital investments in whih the likelihood ofpoliy responses is also triggered by the �rm's pro�tability. Pawlina and Kort(2005) link strutural hanges in the investment framework to the overall eonomiperformane. The probability of utting a tax-redit in booming phases is high.Another possibility better suited to R&D investments would be to link learning- i.e. the resolution of tehnial unertainty - to poliy parameters and/or theindustry-wide learning urve.5. Linkage to limate modelling: In our models, we give answers on the optimalityof investment deisions from the perspetive of a single �rm under the in�uene ofpoliy parameters. However, magnitudes of these parameters do not follow fromthe objetive funtion of a soial planner. In order to derive onlusions aboutthe optimal design of poliies from the perspetive of a soial planner and thedi�erene in impliations for the �rm's optimal investment framework, our modelsould be linked to aggregate simulation models. A prospetive hoie would belimate models, desribed e.g. in Baker et al. (2007); Bosetti and Tavoni (2009);Golub and Markandya (2009).This thesis has shed light on the question of how irreversibility and unertainty a�etthe optimality of environmental R&D investment deisions. Of ourse, this is only a pieeof the omplex puzzle of green tehnologial hange and its role in alleviating limatehange. Indeed, the puzzle itself is of in�nite size. To see the whole piture, it wouldnot only be neessary to take into aount all of history but also to antiipate futuredevelopments to their full extent. This brings us bak to the beginning of this thesis. Asit is not possible to fully reover the past, it will not be possible for historians to unoverall details about the nemesis of Ozymandias' kingdom, nor will it be possible to exatlyrereate the king's broken statue in the desert. In the same way, eonomi researh willnot be able to draw a preise path into the future. But, an interesting point has beenmade by the author Antoine de Saint-Exupéry in his novel 'The wisdom of the sands'. Inthis book, the main harater, a prine, takes long strolls into the desert with his fathertalking about the responsibility of deision-makers. On one suh stroll, the prine says,'It is always about arranging the present. What use is it to quarrel over its heritage?The task is not to foresee the future but to enable it.' In this sense, we hope to haveontributed to a better understanding about why deisions an be suboptimal and whatlessons an be drawn to avoid making them again. There is a value of keeping optionsopen - as states the entral paradigm of real options theory.
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• A Stohasti proess is a time-dependent random variable X(t) whose realisationis a path x(t). It is well de�ned in a probability spae.
• All proesses used in this work belong to the lass of Markov proesses. Thislass of stohasti proesses is ontinuous. A fundamental property of Markov pro-esses is that future developments an be separated from the past ones onditionalon the stage when the separation is made. The onsequene is that the probabil-ity distribution of Xt+1 an be desribed by Xt, and a deisions variable at, i.e.Lagrangian L(Xt+1|Xt, at, t).
• Di�usion proesses belong to the lass of Markov proesses. They possess the(strong) Markov property. Their sample paths x(t) are almost always ontinuousfuntions of t. This means it is relatively unlikely that large displaements ourin ǫ-small time intervals.
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A. Appendix: Data tables, �gures, and alulations
• AWiener Proess has the Markov equality. Its inrements are independent fromeah other and its in�nitesimal time evolution is normally distributed. dw = ζt

√
dtwith ζt being a random normally distributed variable.

• An Ito-Proess or Generalized Brownian Motion also possesses the Markovequality. Suh proesses are de�ned as
dX = a(X, t)dt + b(X, t)dw . (A.1)

a(X, t) is alled the drift rate and b(X, t) is the variane rate. dw is the inrementof a Wiener proess w(t). It holds that E(dw) = 0, thus E(dX) = a(X, t)dt. Thevariane of dX is Var[X] = b2(X, t)dt+ o(dt).
• Ito-alulus for stohasti di�erential equations. State variable X(t) evolvesstohastially over time t. Thus, an ordinary derivative does not exist. The Ito-alulus provides means to work with stohasti Ito-Proesses. An approximationfor the time derivative using Taylor-expansions is given by

dF =

[
∂F

∂t
+ a(X, t)

∂F

∂X
+

1

2
b2(X, t)

∂2F

∂X2

]

dt+ b(X, t)
∂F

∂X
dz (A.2)For preise mathematial de�nitions, see e.g. the monographs of Karlin and Taylor(1981).A.2. Literature on unertainty and green tehnologialprogressThis setion provides summarising tables of the theoretial literature on green tehnolog-ial progress, unertainty, and environmental poliy. Publiations are desribed by fourriteria: 1) the type(s) of unertainties, 2) the kind of irreversibility, 3) the type of thedeision-maker (soial planner, setor perspetive, single �rm), and 4) the type of themodel (two-period model, time-ontinuous model, global limate hange model, stohas-ti ontrol model, real options optimal timing model, sequential investment model). The�rst table inludes ontributions that analyse the hoie of environmental poliy instru-ments. The seond table summarises �ndings with respet to the intensity of environ-mental poliy. The third table omprises the literature on the timing of poliies. Thefourth table gives an overview on the impat of poliy unertainty. The last two tablespresent ontributions onsidering unertainty of green tehnologial progress.
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A.Appendix:Datatables,�gures,andalulations

Soure Type of unertainty Irreversibility Deision-maker Main �ndingfeature and modelWeitzman (1974) prodution ost andbene�t - soial planner,two-period model no �rst-best solution, ranking ofquantity and prie instruments de-pends on relative slopesStavins (1996) Weitzman (1974)orrelated - soial planner,two-period model ovariane an hange ranking, withrealisti parameters quantity instru-ments betterPizer (1999) eonomi, limatehange - soial planner,stohasti growthmodel unertainty raises optimal abate-ment and welfare gains, taxes pre-ferred over ontrol instrumentsNewell and Pizer(2003) prodution ost andbene�t - time-ontinuousWeitzman (1974) Weitzman's result also holds inthe dynami model, under time-ovariane quantities are preferableZhao (2003) abatement ost investment soial planner, ex-petation generalequilibrium model ost unertainty slows down invest-ment, tradable permits preferableover emission taxesvan Soest (2005) tehnologialprogress investment single �rm, opti-mal timing RO earlier adoption under quota for theuse of energy if poliy is less stritTable I: Choie of poliy instrument under unertaintyTable A.1.: Theoretial literature on unertainty and green tehnologial progress, Tables I-VI
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A.Appendix:Datatables,�gures,andalulations

Soure Type of unertainty Irreversibility Deision-maker Main �ndingfeature and modelKolstad(1996) damage by globalwarming damages, poliy soial planner,stohasti eonomy-limate model if learning is fast low poliy levelsare preferable or temporary arbontaxes instead of permanent onesUlph andUlph (1997) damage ost stok of GHG soial planner, two-period global warm-ing model irreversibility is a funtion of learn-ing impating global warming mod-els only if unertainty is high anddisount rates are lowFisher andNarain (2003) evolution of GHGstok sunk ost, stokof GHG soial planner, two-period global warm-ing model (DICE) if risk is endogenous investment isaelerated, irreversibility of invest-ment is larger than that of globalwarmingBaker et al.(2006) limate hange im-pat - soial planner,deision-theoretimodel + DICE optimal R&D an inrease or de-rease with unertainty dependingon a spei� programme, poliy anshift the probability of massesWirl (2006) temperature emissions andtheir stopping soial planner, opti-mal timing RO the optimal irreversible emissionstrategy is more onservativeGolub et al.(2009) limate feedbak,limate sensitivity,related osts mitigation osts soial planner,global simulationmodel (IPCC) mitigation osts are larger than thebene�ts from avoided damages butstriter target has higher risksTable II: Intensity of poliy instrument under unertainty
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A.Appendix:Datatables,�gures,andalulations

Soure Type of unertainty Irreversibility Deision-maker Main �ndingfeature and modelArrow and Fisher(1974) development andpreservation ost onstrution soial planner,two-period model value to wait with investments, theprospet of resolving unertaintyfavours �exibilityPindyk (2002) damage ost andbene�ts, evolutionof pollution damage andpoliy ost soial planner, op-timal timing RO unertain bene�ts inrease the op-tion to postpone a poliy interven-tion, good news inreases regretsof an early interventionBaranzini et al.(2003) ratio of limatehange bene�ts andost ost soial planner, se-quential RO delay of poliy intervention short-ened if a atastrophe is more likelyLin et al. (2007) like in Pindyk(2002) but orre-lated damage, pol-iy ost soial planner, op-timal timing RO option to wait inreases with or-relation and deviation of soialost but dereasing with the devi-ation of pollutionOhyama and Tsu-jimura (2008) Pindyk (2002),tehnologialprogress damage, pol-iy ost two ompetingagents, optimaltiming RO simultaneous implementation ofpoliy but higher threshold, lead-ership inentives possibleTable III: Timing of environmental poliy under unertainty
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A.Appendix:Datatables,�gures,andalulations

Soure Type of unertainty Irreversibility Deision-maker Main �ndingfeature and modelLarson andFrisvold (1996) pollution tax R&D expendi-ture single �rm, two-periodsequential RO inreasing tax unertainty enour-ages investment if this impliesa lower responsiveness to futurepriesFarzin and Kort(2000) pollution tax installationequipment single �rm, time-ontinuous stohastiontrol expetation of inreasing taxboosts investments, there is noertainty-equivalent disount ratefor poliy timingBaker and Shittu(2006) arbon tax - single �rm, two-period stohastiontrol model R&D does not inrease mono-tonially with an expeted ar-bon tax, investment in alterna-tive R&D inreases if inputs aregood substitutes, investments intoarbon-tehnologies generally de-rease with risks of tax inreasesIsik (2004) ost-share subsidies,ost investment andits value investments single �rm, optimaltiming RO adoption of site-spei� tehnolo-gies is aelerated (delayed) if therisk of stopping (starting) R&Dsupport inreasesTable IV: Impat of poliy unertainty
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A.Appendix:Datatables,�gures,andalulations

Soure Type of unertainty Irreversibility Deision-maker Main �ndingfeature and modelChao and Wilson(1993) emission demand investment insrubbers soial planner, time-ontinuous RO market unertainty drives the per-mit prie reating a large optionvalue, �exible allowanes are pre-ferredBaker and Adu-Bonnah (2008) atastrophi events,tehnologialprogress - soial planner,stohasti growthmodel optimal R&D depends on the type oftehnology (fossil/non-fossil), riskyR&D is high if a atastrophe is un-likelyBlanford (2009) R&D paths - soial planner,energy-eonomymodel MERGE soial value of tehnologial progressdepends on the market share of teh-nologies, poliy diversi�ation is op-timalBosetti andTavoni (2009) arbon-free bakstop investments soial planner,two-period growthmodel ombinedwith WITCH unertainty auses a higher optimalR&D level, risk hedging by tehnolo-gies is possibleTable V: Optimal environmental poliy under unertain tehnologial progress I
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A.Appendix:Datatables,�gures,andalulations

Soure Type of unertainty Irreversibility Deision-maker Main �ndingfeature and modelBosetti et al.(2009) abatement ost energy substitu-tionability soial planner, li-mate model WITCH the optimal level of R&D is higherunder unertainty, prie instrumentsindue more energy R&DGoeshl and Perino(2009) impat, tehnologi-al advane investments soial planner,growth model a step-by-step poliy is optimal, in-novation is not only driven by en-vironmental onerns, tehnologialunertainty lowers welfareAnsar and Sparks(2009) adoption bene�ts,atastrophes investments �rm and aggregatelevel, optimal timingRO experiene urve an explain highimpliit disount rates, high invest-ment hurdle rates, option to waitFuss (2010) fuel prie, tehnolog-ial progress investments eletriity setor, op-timal timing RO prie volatility is less important,swithing to wind farms not in theshort-runTable VI: Optimal environmental poliy under unertain tehnologial progress II
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A. Appendix: Data tables, �gures, and alulationsA.3. Appendix to the basi model and its solutionA.3.1. Derivation of the variane of the expeted ost to ompletionThe variane of a random variable X is de�ned as
Var(X) =

∫

(x− µ)2f(x)dx

=

∫

x2f(x)dx− 2µ

∫

xf(x)dx+ µ2

∫

f(x)dx

= E [X2]− µ2 . (A.3)
f(x) is the distribution funtion and µ = E(X) =

∫
xf(x)dx is the expetation valueof X (�rst moment funtional). This transformation uses the normalisation property

∫
f(x)dx = 1.For Eq. (3.1) with spei�ation Eq. (3.2), the expeted ost to ompletion is K(t) = µ(see the Appendix of Pindyk (1993)). E[X2] equals the seond moment (n = 2) of thehierarhy of funtionals Un that desribe the random variable K. See Karlin and Taylor(1981, p. 203) for the derivation of the general formula. The seond moment is given by

E[X2]X=K = U2(K) = EK





(
∫ T̃

0
Idτ |K

)2


 . (A.4)Remember, K(t) is dK = νdt + σdw = −Idt + γ
√
IKdwt. The seond moment of K(short: U2(K) = U(K)) has to solve the orresponding Kolmogorov-Equation

0 =
1

2
σ2(K)UKK(K) + νUK(K) + 2µ(K)I (A.5)

=
1

2
γ2IKUKK(K)− IUK(K) + 2KI , (A.6)with boundary onditions

U2(0) = 0 and U2(∞) = ∞ . (A.7)The Kolmogorov-Equation is satis�ed by
U2(K) =

2

2− γ2
K2 , (A.8)as long as γ2 < 2 and I 6= 0. The ondition on γ tests ifK an be desribed by a ontrolleddi�usion proess, i.e. �utuations are thereby limited. Otherwise, another proess hasto be used. Inserting the result for U2(K) in the de�nition of variane Var(K) gives Eq.(3.3).To proof that (A.8) satis�es the Kolmogorov-Equation (A.6), we use a power lawAnsatz

U = aKb ,129



A. Appendix: Data tables, �gures, and alulationswith UK = a bKb−1 and UKK = a b (b− 1)Kb−2. Inserting into (A.6) gives
K2−b = γ2/4 a b (1 − b) + a b/2 for K > 0.This has to be satis�ed for all K > 0. Setting e.g. K = 1 and K = 2, it must hold that

12−b = 22−b ,This is only true if b = 2. Inserting b = 2 bak e.g. for K = 1 shows that α = 2/(2−γ2).Boundary onditions are also satis�ed.Relationship between variane of random variable K and the Kolmogorov equationThe inrements of random variable K(t) are given by a ontrolled di�usion proess withontrol I
dK = ν(K, I)dt + σ(K, I)dwt = −Idt+ γ

√
IKdwt .The seond moment of the probability distribution for K (=variane of K) is de�ned asEq. (A.3)

Var(K) = E [K2]−E(K)2 ,with the �rst moment of the probability distribution (=expetation value of K)
E(K) =

∫

k f(k)dk ,and the seond moment of a funtional U(K)n=2, Eq. (A.4),
E[K2] = U(K) = EK





(
∫ T̃

0
Idτ |K

)2


 .This equation desribes the expetation value of hitting a border value at time T underontrol I onditional on K.We want to sketh that U(K) has to solve the Kolmogorov equation, Eq. (A.6), seeKarlin and Taylor (1981), p. 191 �. and p. 202 �.We start by onsidering a general funtional U(x) of random variable x with x = X(0),as in Karlin and Taylor (1981), Eq. (3.31). U(x) is the probability distribution for anintegrated funtion g(X(t)) (=ontrol) at whih a border is reahed by x. This de�neshitting time T . In ase the funtional is spei�ed with f(x) = xn, random variable
Z =

∫ T
0 g(X(τ))dτ an be desribed by moments generated through n.We look for the general solution of U(x). Choosing a su�iently short time duration h,

U(x) is developed by a Taylor expansion (Karlin and Taylor (1981), Eq. (3.33)). Usingthe Markov property, the law of total probabilities, and retaining all ontributions up toorder o(h), one arrives at a general Kolmogorov equation for U(x) (Karlin and Taylor(1981), Eq. (3.37)). 130



A. Appendix: Data tables, �gures, and alulationsThe nth moment of Z using U(x) is onsidered after Karlin and Taylor (1981), Eq.(3.37). In ase f(x) = xn, the now spei�ed funtionals Un(x) ful�ll a simpli�ed Kol-mogorov equation, see Karlin and Taylor (1981) Eq. (3.38=3.37'). With x = K, g = I,and n = 2, we arrive at Eqs. (A.5) and (A.6).To summarize, the Kolmogorov equation an be assoiated with a funtional thatdesribes a hitting time random variable. The di�erential equation is obtained whenapproximating the funtional (integral equation) with a Taylor distribution and usingproperties of di�usion proesses.A.3.2. Elimination of the singularity in Eq. (3.12)The elimination of singularity in Eq. (3.12) is done by substituting x = lnK or K =
exp(x). We obtain

f(x) ≡ (F ◦ exp)(x) = F (K) ,

F ′(K) =
∂f(x)

∂x

∂x

∂K
= f ′(x)

1

K
= f ′(x) exp(−x) ,

F ′′(K) =
∂F ′(K)

∂K
=
[
f ′′(x) exp(−x)− f ′(x) exp(−x)

]
exp(−x) . (A.9)With the help of these expressions, we transform the boundary onditions Eqs. (3.14,3.15) and Eq. (3.12). For the former, we use for K → 0 and K → ∞, x → −∞ and

x → ∞, respetively. The latter transforms the seond-order di�erential equation for
I 6= 0 into a system of oupled �rst order di�erential equations. For K < K∗ and using
g(x) = f ′(x) and g′(x) = f”(x), we obtain

g′(x) =
2

γ2

[

1 + g(x) exp(−x) +
r

Imax f(x)

]

exp(x) + g(x) ,

f ′(x) = g(x) , (A.10)where f(−∞) = V , f(x∗) = 0, and g(x∗) = 0. The singularity at K = 0 has now beenshifted to δ = 0.5.A.3.3. Fortran ode for the numerial solution of the basi modelThis is a simple ode to show the priniples of the numerial solution, it has not beenoptimised to minimise the numerial expense. The programme output reprodues om-parative statistis for the basi model illustrated in Fig. 3.5. Results are aurate atleast up to the seond digit after the deimal plae. The programme uses the root �nd-ing routine dzerox and the Runge-Kutta-Merson routing dqmr from the CERN libraryprogramme repository (CERN).
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A. Appendix: Data tables, �gures, and alulations!=========================================================================! Programme ode for the basi sequential investment model in Se. 3.3 *! to solve the set of linear differential equations Eqs. (3.16 ) *! for f(x) within -infty <= x <= x* *! g'(x) = 2/gamma/gamma( 1+g(x)exp(-x)+r/Imax f(x) )exp(x)+g(x) *! f'(x) = g(x) *! with boundary onditions (free boundary x=x*): *! f(-infty)=V f(x*)=0 g(x*)=0 *! Method: Runge-Kutta-Merson, Output: exp(x*) as f(parameters) *!=========================================================================module paramsimpliit nonereal*8 :: gamma,r,V,RRend module params!=========================================================================! MASTER: 1) Definition of Parameters, 2) Runge-Kutta-Merson to find *! root and 3) plot output *!=========================================================================program gbsoptuse paramsimpliit noneinteger :: i,j,mm,maxf,modereal*8 :: aa,bb,eps,dzerox,finit,resexternal finit!-------------------------------------------------------------------------! 1) PARAMETERS *! gamma .. overall tehnial unertainty *! r .. disount rate *! RR .. upper boundary of investment onstraint (Imax in Chapter 3) *! V .. payoff after ompletion *!-------------------------------------------------------------------------!gamma=1.0d0r=0.05d0RR=2.0d0V=10.0d0! loop from j to mmm over parameter of hoiemm=1000do j=1,mmgamma=1.4d0*dble(j)/dble(mm)!r=0.1d0*dble(j)/dble(mm)!RR=20.0d0*dble(j)/dble(mm)!V=20.0d0*dble(j)/dble(mm)
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A. Appendix: Data tables, �gures, and alulations!-------------------------------------------------------------------------! 2) Starts shooting by alling dzerox() from CERNLIB: returns zero of *! funtion finit in intervall (aa,bb) with auray eps, MAXF - max *! referenes in loop to finit, mode - two hoies for finding algorithm *!-------------------------------------------------------------------------aa=-10.0d0bb=10.0d0eps=1.0d-6maxf=50mode=1res=dzerox(aa,bb,eps,maxf,finit,mode)!-------------------------------------------------------------------------! 3) Output *!-------------------------------------------------------------------------print '(3e12.4)',gamma,dexp(res)end doend program gbsopt! ========================================================================! Zero of this funtion establishes orret boundary in -infinity (x2) *! using dqmr() from CERNLIB: solves simult. first-order differential *! eqations with Runge-Kutta-Merson, n - number of eq., h0 - step length, *! eps - auray, sub - set of eqs. defined externally, w - workspae *!=========================================================================real*8 funtion finit(x)use paramsimpliit noneinteger :: nparameter (n=2)real*8 :: x,x1,x2,h0,epsreal*8, dimension(n) :: yreal*8, dimension(6*n) :: wexternal sub! x1=xx2=-10.0d0y(1)=0.0d0y(2)=0.0d0h0=1.0d-2eps=1.0d-3all ddeqmr(n,x1,x2,y,h0,eps,sub,w)write(11,*) x,y(2)-Vfinit=y(2)-Vend funtion finit
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A. Appendix: Data tables, �gures, and alulations!=========================================================================! Set of linear differential equations *!=========================================================================subroutine sub(x,y,f)use paramsimpliit nonereal*8 :: xreal*8, dimension(2) :: y,f! f(1)=2.0d0/gamma**2*(1.0d0+y(1)*dexp(-x)+r/RR*y(2))*dexp(x)+y(1)f(2)=y(1)end subroutine subA.3.4. Results
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Figure A.1.: Histograms of abandoned paths (n=2049) for γ = 0.5, I = 2, V = 10,
r = 0.05, total simulation time t = 10, number of time steps m = 30000,number of paths 10000. Means are given in <>, and σ is the standarddeviation.
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A. Appendix: Data tables, �gures, and alulationsA.4. An appliation to o�shore windfarm investmentA.4.1. O�shore windfarm dataName Country Year I C TS # D Dt[MEUR℄ [MW℄ [m℄ [m℄ [m℄Vindeby DK 1991 7.615 5 0.45 11 3.5 1500Lely NL 1994 3.264 2 0.50 4 7.5 800Tuno Knob DK 1995 7.615 5 0.50 10 4 3000Dronten NL 1996 19.445 11 0.60 19 1.5 30Bokstigen SE 1997 3.264 3 0.55 5 6 3000Blyth UK 2000 4.759 4 2.00 2 8.5 1000Middlegrunden DK 2001 36.035 40 2.00 20 6 2000Utgrunden SE 2001 9.519 10 1.43 7 8.6 7000Yttre Stengrund SE 2001 12.238 10 2.00 5 8 4000Horns Rev DK 2002 339.951 160 2.00 80 10 14000Nysted DK 2003 253.603 158 2.30 72 7.75 10000Samso DK 2003 35.355 23 2.30 10 20 3500North Hoyle UK 2003 100.626 60 2.00 30 12 7000Ronland DK 2003 17.677 17.2 2.30 8 1 100Sroby Sands UK 2004 105.385 60 2.00 30 16.5 2500Arklow IE 2004 47.593 25 3.60 7 3.5 10000Kentish Flats UK 2005 147.539 90 3.00 30 5 10000Barrow UK 2006 129.181 90 3.00 30 17.5 7500Egmond aan Zee NL 2006 227.087 108 3.00 36 18 10000Burbo Bank UK 2007 125.782 90 3.60 25 5 6500Lillgrund SE 2007 203.971 110 2.30 48 7 10000Q7 NL 2007 401.142 120 2.00 60 21.5 23000Beatrie UK 2007 47.593 10 5.00 2 45 22000Robin Rigg UK 2008 520.125 2890 3.00 60 5 9000Thornton bank BE 2008 849.878 2833 5.00 60 14 27000Inner Dowsing UK 2008 203.971 2103 3.60 25 10 5200Lynn UK 2008 203.971 2103 3.60 27 10 5200Table A.2.: European o�shore wind parks. Data given in the olumns are the nameand ountry of the wind park, the year of its operation start, investmentost (I) in Million Euro, apaity (C) in Mega Watt, turbine size (TS) inmeter, number of turbines per park (#), water depth of the foundation (D)in meter, distane from shore (Dt) in meter. Soures: Snyder and Kaiser(2009b); DENA (2010); KPMG (2007); EWEA (2009).
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A. Appendix: Data tables, �gures, and alulationsA.4.2. Results
F (K) K∗Distane: 15 km 16 km 15 km 16 kmT P O&M O&M O&M O&M O&M O&M O&M O&Mhigh low high low high low high low1.5 (1) 22.580 81.694 18.205 77.318 156.963 214.412 157.181 214.815(2) 10.293 103.810 5.918 99.434 144.788 235.441 144.974 235.925(3) 0 0 0 0 - 40.501 - 40.516(4) 0 0 0 0 - 63.657 - 63.6932 y. (1) 20.409 78.064 16.087 73.742 154.780 210.406 155.060 210.918(2) 8.426 99.634 4.104 95.312 142.923 230.640 143.163 231.253(3) 0 0 0 0 - 40.350 - 40.370(4) 0 0 0 0 - 63.288 - 63.3363 y. (1) 16.266 71.109 12.049 66.891 150.644 202.954 151.037 203.654(2) 4.867 91.627 0.650 87.409 139.378 221.766 139.715 222.596(3) 0 0 0 0 - 40.054 - 40.082(4) 0 0 0 0 - 62.566 - 62.6364 y. (1) 12.376 64.544 8.260 60.427 146.787 196.155 147.276 197.010(2) 1.533 84.061 0 79.945 136.055 213.732 136.477 214.739(3) 0 0 0 0 - 39.763 - 39.800(4) 0 0 0 0 - 61.866 - 61.9565 y. (1) 8.725 58.348 4.706 54.330 143.179 189.920 143.752 190.903(2) 0 76.914 0 72.895 132.932 206.414 133.429 207.565(3) 0 0 0 0 - 39.477 - 39.523(4) 0 0 0 0 - 61.186 - 61.2956 y. (1) 5.300 52.504 1.377 48.580 139.793 184.17 140.44 185.265(2) 0 70.164 0 66.240 129.990 199.711 130.553 200.980(3) 0 0 0 0 - 39.197 - 39.252(4) 0 0 0 0 - 60.525 - 60.653Table A.3.: Value of investment F (K) and ritial investment ost K∗ for γ = 0. Fourpoliy regimes P are onsidered. (1) sprinter bonus, running time: 20 years;(2) sprinter bonus, running time: ∞; (3) basis tari�, running time: 20 years;(4) basis tari�, running time: ∞.
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A. Appendix: Data tables, �gures, and alulations
K∗ (γ = 0.503 ) K∗ (γ = 0.489 ) K∗ (γ = 0.8 ) K∗ (γ = 0.8 )Distane: 15 km 16 km 15 km 16 kmT P O&M O&M O&M O&M O&M O&M O&M O&Mhigh low high low high low high low1.5 y. (1) 177.6 243.0 176.7 241.8 209.0 286.3 209.2 286.8(2) 163.8 267.0 162.9 265.7 192.6 314.7 192.8 315.3(3) - 45.7 - 45.4 - 53.58 - 53.59(4) - 71.8 - 71.4 - 84.32 - 84.362 y. (1) 175.4 238.9 174.5 237.9 206.6 282.2 206.9 282.5(2) 161.9 262.0 161.1 261.0 190.6 309.5 190.9 310.2(3) - 45.5 - 45.3 - 53.4 - 53.4(4) - 71.5 - 71.1 - 83.9 - 84.03 y. (1) 171.1 231.2 170.4 230.4 202.1 273.8 202.5 274.6(2) 158.2 252.9 157.6 252.1 186.8 299.8 187.1 300.7(3) - 45.22 - 45.0 - 53.1 - 53.1(4) - 70.7 - 70.4 - 83.2 - 83.24 y. (1) 167.2 224.2 166.6 223.6 197.9 266.2 198.4 267.2(2) 154.8 244.6 154.2 244 183.1 290.8 183.6 291.9(3) - 44.93 - 44.7 - 52.8 - 52.8(4) - 70.1 - 69.7 - 82.4 - 82.55 y. (1) 163.4 217.7 162.9 217.2 193.9 259.3 194.5 260.4(2) 151.6 237.0 151.1 236.5 179.7 282.6 180.2 283.9(3) - 44.6 - 44.4 - 52.5 - 52.5(4) - 69.3 - 69.0 - 81.7 - 81.86 y. (1) 159.9 211.7 159.5 211.4 190.1 252.8 190.8 254.0(2) 148.6 230.0 148.1 229.7 176.4 275.0 177.0 276.4(3) - 44.4 - 44.1 - 52.2 - 52.2(4) - 68.6 - 68.3 - 81.0 - 81.1Table A.4.: Critial investment ost K∗ for di�erent values of tehnial unertainty γ.Four poliy regimes P are onsidered. (1) sprinter bonus, running time: 20years; (2) sprinter bonus, running time: ∞; (3) basis tari�, running time: 20years; (4) basis tari�, running time: ∞.
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A. Appendix: Data tables, �gures, and alulations
F (K) (γ = 0.503 ) F (K) (γ = 0.489 ) F (K) (γ = 0.8 ) F (K) (γ = 0.8 )Distane: 15 km 16 km 15 km 16 kmT P O&M O&M O&M O&M O&M O&M O&M O&Mhigh low high low high low high low1.5 (1) 24.9 82.6 20.8 78.2 32.2 86.6 28.9 82.7(2) 14.1 104.6 10.4 100.2 22.1 108.0 19.2 104.0(3) 0 0 0 0 0 0 0 0(4) 0 0 0 0 0 0 0 02 y. (1) 23.1 79.2 19.9 74.8 30.7 83.7 27.6 78.8(2) 12.7 100.72 9.2 96.4 20.9 104.6 18.1 100.7(3) 0 0 0 0 0 0 0 0(4) 0 0 0 0 0 0 0 03 y. (1) 19.8 72.7 16.0 68.6 27.9 78.2 24.9 74.5(2) 10.2 93.3 6.9 89.1 18.8 98.1 16.1 94.3(3) 0 0 0 0 0 0 0 0(4) 0 0 0 0 0 0 0 04 y. (1) 16.7 66.8 13.1 62.7 25.4 73.1 22.5 69.5(2) 7.9 86.2 5.0 82.1 16.7 92.1 14.2 88.3(3) 0 0 0 0 0 0 0 0(4) 0 0 0 0 0 0 0 05 y. (1) 13.9 61.2 10.4 57.1 23.0 68.3 20.3 64.8(2) 5.9 79.6 3.3 75.6 14.9 86.2 12.6 82.8(3) 0 0 0 0 0 0 0 0(4) 0 0 0 0 0 0 0 06 y. (1) 11.3 55.8 8.2 51.9 20.8 63.8 18.2 60.4(2) 4.2 73.5 2 69.5 13.2 81 11.0 77.5(3) 0 0 0 0 0 0 0 0(4) 0 0 0 0 0 0 0 0Table A.5.: Value of investment F (K) for di�erent values of tehnial unertainty γ. Fourpoliy regimes P are onsidered. (1) sprinter bonus, running time: 20 years;(2) sprinter bonus, running time: ∞; (3) basis tari�, running time: 20 years;(4) basis tari�, running time: ∞.
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γ = 0 γ = 0.493O&M O&MT [a℄ high low high low1.5 K∗ 157.2 214.8 176.7 241.8F(K) 18.2 77.3 20.8 78.22 K∗ 155.1 210.9 174.5 237.9F(K) 16.1 73.7 19.9 74.86 K∗ 140.4 185.3 159.5 211.4F(K) 1.4 48.6 8.2 51.9
γ = 0 γ = 0.493O&M O&MT [a℄ high low high low1.5 157.2 214.8 176.7 241.82 155.1 210.9 174.5 237.93 151.0 203.7 170.4 230.44 147.3 197.0 166.6 223.65 143.8 190.9 162.9 217.26 140.4 185.3 159.5 211.4

〈K∗〉 149.1 200.4 168.4 227.0
σ [%℄ 4 6 4 5Table A.6.: Value of investment F (K) and ritial investment ost K∗ in MEUR forBalti 1. 16 km distane from o�shore and total investment I = 139.1MEUR.Dependene of K∗ on the onstrution time T in years [a℄ and tehnialunertainty parameter γ. Poliy sheme: sprinter bonus for the �rst 12 years,afterwards basis feed-in tari�, running time of the wind park: 20 years.
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γ = 0 γ = 0.503O&M O&MT [a℄ high low high low1.5 K∗ 157.0 214.4 177.6 243.0F 22.6 81.7 24.9 82.62 K∗ 154.8 210.4 175.4 238.9F 20.4 78.1 23.1 79.26 K∗ 139.8 184.2 159.9 211.7F 5.3 52.5 11.3 55.8
γ = 0 γ = 0.503O&M O&MT [a℄ high low high low1.5 157.0 214.4 177.6 243.02 154.8 210.4 175.4 238.93 150.6 203.0 171.1 231.24 146.8 196.2 167.2 224.25 143.2 189.9 163.4 217.76 139.8 184.2 159.9 211.7

〈K∗〉 148.7 199.7 169.1 227.8
σ [%℄ 4 6 4 5Table A.7.: Value of investment F (K) and ritial investment ost K∗ in MEUR forBalti 1. 15 km distane from o�shore and total investment I = 134.5MEUR.Dependene of K∗ on the onstrution time T in years [a℄ and tehnialunertainty parameter γ. Poliy sheme: sprinter bonus for the �rst 12 years,afterwards basis feed-in tari�, running time of the wind park: 20 years.
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A. Appendix: Data tables, �gures, and alulationsA.5. An appliation to environmental R&D deisionsA.5.1. Derivation of Eqs. (3.30, 3.31-3.32)We are using a Cobb-Douglas prodution funtion of the form
q(E,L) = θ(φ0E)αLβ, α, β ≤ 0, α+ β < 1 , (A.11)with output q, inputs E (energy) and L (labour). Parameter φ0 desribes the e�ienyof the use of energy in the initial stage, θ is a general produtivity parameter, and α and

β are the prodution elastiities of inputs.To set both poliy regimes k = {T ,Q} to the same level of energy use we �rst determinethe pro�t maximising tax rate τ . Pro�ts using the urrent tehnology are given by
πk
0 (E,L) = Pq(φ0, E, L)

︸ ︷︷ ︸

benefits

− (z + τ)E
︸ ︷︷ ︸

energy costs

− wL
︸︷︷︸

labour costs

, (A.12)where P is the onstant output prie, z is the onstant energy prie, and w is the onstantwage rate.To solve the maximisation problem for the tax regime, we determine the partial deriva-tives and set them equal to zero. We obtain
∂
∂Lπ

T
0 (E,L) = Pθφα

0E
αβLβ−1 − w = 0 ⇒ Eα = 1

Pθ
w
β

1
φα
0

1
Lβ−1

∂
∂EπT

0 (E,L) = Pθφα
0αE

α−1Lβ − (z + τ) = 0 ⇒ Eα−1 = z+τ
Pθ

1
α

1
φα
0

1
Lβ

. (A.13)Next, we use one equation to substitute E in the other. This gives L as a funtion ofonly parameters
L =

[

Pθ

(
β

w

)1−α( α

z + τ

)α
] 1

1−α−β

φ
α

1−α−β

0 . (A.14)Using the same proedure and substituting L in Eα−1 derives E as a funtion of onlyparameters
E =

[

Pθ

(
β

w

)β ( α

z + τ

)1−β
] 1

1−α−β

φ
α

1−α−β

0 . (A.15)These are the optimal inputs of energy and labour for a given tax rate τ . The optimalenergy input under the tax regime also de�nes the energy quota for the quota regime,Eq. (3.30).Pro�t �ows for the tax regime an now be alulated by inserting E and L, Eqs. (A.14,A.15), into πT
i (replaing φ0 with φi). We get

πT
i = Pθφα

i

[

Pθ

(
β

w

)β ( α

z + τ

)1−β
] α

1−α−β

φ
αα

1−α−β
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×

[

Pθ

(
β

w

)1−α( α

z + τ

)α
] β

1−α−β

φ
αβ

1−α−β

i

− (z + τ)

[

Pθ

(
β

w

)β ( α

z + τ

)1−β
] 1

1−α−β

φ
α

1−α−β

i

− w

[

Pθ

(
β

w

)1−α( α

z + τ

)α
] α

1−α−β

. (A.16)It is possible to fator out φ α
1−α−β

i := φγT

i and (Pθ)
1

1−α−β := (Pθ)γ
T /α. Other terms anbe merged. After some alulation, we optain Eq. (3.31, k = T )

πT
i =

= φγT

i (Pθ)γ
T /α







[(
α

z + τ

)α( β

w

)β
]γT /α

−
[

(z + τ)1−α−β

(
α

z + τ

)1−β (β

w

)β
]γT /α

−
[

w1−α−β

(
α

z + τ

)α( β

w

)1−α
]γT /α







= φγT

i (Pθ)γ
T /α

[
1

(z + τ)α
1

wβ

]γT /α

×
{[

ααββ
]γT /α

−
[

α1−βββ
]γT /α

−
[
ααβ1−α

]γT /α
}

= [1− α− β]

[

Pθ

(
α

z + τ

)α( β

w

)β
]γT /α

︸ ︷︷ ︸

ξT

φ
γT /α
i = ξT φγT

i .For the quota regime, we need to maximise Eq. (3.29) for L only as E = Ē. Be remindedthat Ē does not hange and depends on φ0. We get
∂

∂L
πQ
i (φi) = Pθφα

i Ē
αβLβ−1 − w = 0 ,

⇒ L =

[
w

β

1

Pθ

1

φα
i

1

Ēα

] 1

β−1

. (A.17)Next, we insert L bak into Eq. (3.29) merging terms. We an separate the fators
φ
− α

β−1

i , (Pθ)−
1

β−1 and Ē− α
β−1 . Introduing the de�nition γQ := α/(1 − β) derives Eq.(3.31, k = Q)

πQ
i = φ

− α
β−1

i (Pθ)−
1

β−1 Ē−
α

β−1

{(
β

w

)−
β

β−1

− w
β−1

β−1

(
β

w

)−
1

β−1

}

− zĒ142
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= (1− β)

[

PθĒα

(
β

w

)β
] 1

1−β

︸ ︷︷ ︸

ξQ

φγQ

i − zĒ .A.5.2. Deterministi aseLet γ → 0 in Eq. (3.12)
rF (K) = −I

(

1 +
∂F (K)

∂K

)

, (A.18)under investment onstraint
I =

{
πk
0 if K < K∗

0 if K > K∗ , (A.19)and boundary onditions
F (0) = πk

i /r , lim
K→∞

F (K) = 0 , F (K∗) = 0 , F ′(K∗) = 0 . (A.20)The ansatz for the solution is
F (K) =

−I

r
+ C exp

(

−K

I
r

)

. (A.21)The �rst boundary ondition determines onstant C
C =

πk
i + I

r
. (A.22)Derive K∗ from F (K∗) = 0

K∗ =
I

r
ln

[
πk
i + I

I

]

. (A.23)The seond boundary ondition is ful�lled if I is hosen to be 0 in the region of non-investment, otherwise I = Imax = πk
0 .
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Figure A.2.: Critial investment ost K∗ as a funtion of environmental stringeny τ .Parameter values desribe the base ase.
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