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Quasi-OptionValueandClimatePolicy Choices

Minh Ha-Duong12

October21,1998

SUMMARY

In theclimatechangeissue,theenvironmentalirreversibility (riskof anacceleration
of mitigation policies if the worsehappen)hasto be balancedwith the investment
irreversibility (risk of over-cautiouspolicies). To explore this balance,we definean
option valuefor a precautionaryclimatepolicy. Using the simplestdecision-making
model,weexposehow optionvaluerelatesto theexpectedvalueof futureinformation.
Usingquantitativedatafrom anintegratedassessmentmodel,we find thatmostof the
timestheenvironmentalirreversibility dominatestheinvestmentirreversibility. For all
casesexploredhere,theorderof magnitudeof theoptionvaluewassignificant,about
50%of theopportunitycost.
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1 Introduction: The twofold irreversibility issue

The United Nation Framework Conventionon ClimateChangeobjective suggeststo
considera “safetyceiling” for greenhousegasesconcentrationoverwhich irreversible
damagewould occur. Froma practicalpoint of view, theaccumulationof greenhouse
gasesin theatmospherecanindeedberegardedasirreversible:atthehumangeneration
timescaleconcentrationslevelscanonly increase.Theproblemis thatnosafeceilingis
specified,astheIntergovernmentalPanelon ClimateChange(IPCC)recognises.Yet,
doingnothingmeansgiving up theoptionof reachingtheloweststabilisationlevels.

For example,stabilisationof
�����

concentrationat 400ppmvhasalreadybecome
anunrealisticgoal. It will bethesamefor 450ppmvin a coupleof decadesif present
trendscontinue.Therangein theestimatesof climatesensitivity1, usedin (I 1997)is
+1.5Cto +4.5C.Thecombinationof environmentalirreversibility with unexpectedbad
newsfrom climatesciencecouldleadto theneedof asuddenaccelerationof adaptation
andmitigation policies. We would thenconsiderthe dilemmaof choosingbetween
economicallydisruptivepolicy measures,or faceunfavourableclimaticchanges.

Theinterplaybetweenirreversibility anduncertaintyhasbeenacentralissuein en-
vironmentaleconomics,sinceHenry(1974)andArrow & Fisher(1974)demonstrated
theexistenceof an‘IrreversibilityEffect’ in 1974.Historically, thishasbeenillustrated
by analysingthe economicsof a hydroelectricdam constructionproject that would
flood a beautifulnaturalvalley. Sucha projectis irreversiblefor two reasons:oneis
thedestructionof thevalleysecosystems,thesecondhasto dowith theirrecoverability
of theinvestmentin thebuilding itself.

Thesetwo reasonsconverge to imply that beforestartingthe project,waiting to
havemoreinformationis valuable.Historically, theirreversibility effect statesthat:

Independentlyof risk aversion,the standardcost-benefitanalysis,which
omitsthis valueof information,is biasedagainstenvironmentalpreserva-
tion.

But in theclimatechangeissueenvironmentalpreservation(thatis,early
�����

emission
control efforts) needsinvestment,whereasenvironmentalexploitationcorrespondsto
businessasusual. Consequently, the two irreversibilitiesoutlinedabove do not con-
vergebut have oppositeeffects,asstatedby IPCC(Bruce,Lee & Haites1996,SPM,
par.2):

Uncertaintiesremainwhich arerelevantto judgementof whatconstitutes
dangerousanthropogenicinterferencewith the climatesystemandwhat
needsto bedoneto preventsuchinterference.[. . . ] Thechallengeis not
to find thebestpolicy todayfor thenext 100years,but to selecta prudent
strategy andto adjustit over time in thelight of new information.

Earliermitigationactionmayincreaseflexibility in moving towardstabil-
isationof atmosphericconcentrationsof greenhousegases.Thechoiceof
abatementpathsinvolvesbalancingtheeconomicrisksof rapidabatement

1Thelong term(equilibrium)changein globalmeansurfacetemperaturefollowing a doublingof atmo-
sphericequivalent ���	� concentration,noted 
��
���
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now (thatprematurecapitalstockretirementwill laterbeprovenunneces-
sary),againstthecorrespondingrisksof delay(thatmorerapid reduction
will thenberequired,necessitatingprematureretirementof futurecapital).

The investmentirreversibility effect (Dixit & Pindyck1994,esp. pp. 412–418)
setsa braketo climatechangemitigationpolicies.It impliesthatwaiting to havemore
informationis valuable,to avoid therisk of overprotectingtheenvironment.Thegoal
of this paperis to examineanalyticallyandempirically the balancebetweenenviron-
mentalandinvestmentirreversibility.

In thesequelof this introduction,I will examinehow the literaturehasdeveloped
theinitial intuition into differenttheoreticalandapplieddirections.Theoreticaldevel-
opmentssurveyedby Graham-Tomasi(1995)leadto a moregeneraldefinitionof the
irreversibility effect, that:

Betterinformationleadsto moreflexible choices.

Explaining how “more flexibility” and “better information” have beenrepresented
helpsto understandhow this generaldefinitionextendsthefirst onestatedabove,and
to settherelativepositionof this paper.

Perfectirreversibility canratherclearlybeseenasa limit caseof very low flexibil-
ity. Mathematically, the former is often representedwith inequalityconstraints.The
lattercanberepresentedin many moredifferentwayssuchas:(a)orderingon thesize
of reachablesets,(b) accumulationanddecaydynamicsof anaturalresourcestock(c)
adjustmentcosts. This paperwill not useperfectirreversibility, but ratherflexibility
aspects(b) and(c).

Therearemany ways to defineandrepresentwhat a betterinformation is. One
approachusesBayesianconsiderationsandorderingsbetweeninformationstructures.
I will remainhereat a simpler level by assumingthat all uncertaintiesare resolved
at onceat a date � , andthatbetterinformationmeansan earlier � . This framework
allows to identify threetrendsin thelitteratureto date:

� The sensitivity of resultsto an earlier resolutionof uncertaintieshasbeenas-
sessedin moststochasticmodelson the economicsof climatechangeby com-
paring,for example,resultswith ����������� to resultswith ����������� .

� A secondpoint of view focuseson the expectedvalue of perfectinformation
(EVPI). Thisamountsto computethedifferencebetweentheexpectedtotal cost
assuming�������
��� (acasenamedtheAct ThenLearnhypothesis)with thetotal
costassuming����� �"!
#
$ (acasenamedLearnThenAct).

Developingthisapproach,Manne& Richels(1992,p. 73)werepioneersin intro-
ducingsequentialdecisionmakingin climatechangemodels.UsingGLOBAL
2100,they computedtheoptimalhedgingstrategy givenastochastic

�����
emis-

sionsreductiontarget.Yet,themethodologythey useddoesnotseparatethepure
effectof hedgingfrom changesin expectedtarget.

They assumedthat the target could take oneof threevalues: %'&��)( from the
1990emissionlevel with probability16%; %'���)( (probability24%)andno re-
strictionwith probability60%. Usingthis value,it would have beeninteresting
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to comparethe optimal hedgingstrategy with the optimal policy assumingthe
averageconstraint,thatis %*�+�-, .)( reductiontargetknown from thestart.

� That ideais preciselywhat the option valueapproachis about: comparingthe
case���/���
��� with thecase����0�132405160��7$ 2. Theformercase,���/���
��� , does
correspondto the Act ThenLearnhypothesis.The latter could be namedthe
NeverLearnhypothesis,afterPeck& Teisberg (1993).HereI will useadifferent
vocabulary, andreferto ����������� asthesequentialdecisionframework, andthe
othertheoneshotdecisionframework.

Theoreticalresearchhasshown theexistenceof wide classesof decisionproblems
for which we knew a priori that the irreversibility effect holds. Earlier � leadsto
moreflexible neartermchoices.Building uponthis intuition, appliedliteraturetakes
a logically different stance. The irreversibility effect can be usedas a principle to
interpreta model’s results.It allows to explain intuitively whathappensto theoptimal
neartermchoicewhen � is earlier.

Let usconsideramodelof theeconomicsof climatechangecomputingtheoptimal
nearterm

��� �
emissionsreduction8 underuncertainty. Thesensitivity of 8 to � may

beinterpretedastheresultsof thetradeoff betweenthetwo irreversibility effects. If,
for example,a modelfinds that theperspective of a betterfuture informationleadsto
a strictercontrol of

��� �
emissionsin the next decades,then for that model it may

beassertedthat theenvironmentalirreversibility effect is strongerthantheinvestment
irreversibility effect.

TheIPCCstatementthat“theuncertainty-basedcost-benefitassessmentscompleted
thusfar find higheroptimal ratesof abatementthando the deterministiccost-benefit
models”(Bruceet al. 1996,ch. 10 sum.,p. 372), seemsto put forward the environ-
mentalirreversibility effect. Yet it dependsessentiallyon an inter-modelcomparison,
andassuchdoesnot allow to concludedecisively. A closerlook at the irreversibility
effect in theclimatechangeissueliteratureshows indeedthatpublishedresultscover
thewholepossibilities:

� Nordhaus(1994)finds that introducinguncertaintyin DICE increasesoptimal
control ratesby about50%. This supportsthe ideathat theenvironmentalirre-
versibility effectmatters.

� On thecontrary, Kolstad(1994),usinga stochasticversionof theDICE model,
suggestsratherthat

The irreversibility of investmentcapitalhasa strongereffect thanir-
reversibilitesin climatechange(otherthancatastrophiceffects).

Theseresultsareconfirmedby Ulph & Ulph (1997),who find that

2When ��9�:<;>=?:@;
:<ACB , learningnever occurs,so the payoffs take their expectedvalue. This idea is
closeto but different from the notion of certaintyequivalent, the casedefinedby “ �D9D:<;>=?:@;
:<ACB andall
parameterstake their expectedvalue”. Both canbe usedassurrogatesfor the stochastic�E9GFIHIFIH case
(Simon1956).
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For mostparametersvalues,currentabatementof emissionsof green-
housegasesshouldbe lower when we allow for the possibility of
obtainingbetterinformation.

� In between,Peck& Teisberg (1993,fig. 9 and10), found that regarding
��� �

emissionin theshortrun,20 or 40 years,

optimalpoliciesareroughlythesameregardlessof how uncertainties
areresolved.

In sum,it appearsthatempiricalresultsto datearefar from unanimouslyjustifying
the political concernover the risksof environmentalirreversibility, the precautionary
principle. Beyond methodologicalissueswith integratedassessment,which should
not beneglected,differentreasonscouldexplain this discrepancy. We cannotexclude
a priori that the two irreversibility risks are large but balanced,so that the net effect
maybeactuallysmall.Anotherpointwehaveto considerhereis thattheirreversibility
effectis not theonly componentof optionvaluesupportingtheprecautionaryprinciple.

� For thesake of clarity, risk aversion, which leadsto themoregeneralquestions
of intergenerationalandinterregionaldecisionmaking,wasdeliberatelynot in-
cludedin the modeldefinedbelow. This is the reasonwhy the option valuein
this modelis only a quasi-optionvaluewhenviewedfrom a moregeneralpoint
of view.

� An importantcomponentof quasi-optionvaluenotstudiedin thispaperhasbeen
nameddependantlearningby Fisher& Hanemann(1987):

It surelyrequireno algebrato show that,if theinformationaboutthe
consequencesof an irreversibledevelopmentactioncanbe obtained
only by undertakingdevelopment,this strengthenthe casefor some
development.

Less
��� �

emissionswould slow the rise of the climatechangesignalover the
climatenaturalvariability noise.But this effect, which supportspollution, may
actuallybesmallgiventhatevenunderthemostextremereductionproposalsto
date,theconcentrationreductionis only 12 ppmv in 2020,a small figurecom-
paredto thedifferencebetweenthe400ppmvexpectedat thatdateandtheprein-
dustrial

�����
concentrationof about280 ppmv. On the other hand,emission

control policies are likely to bring significantscientific, technicaland institu-
tional learning. Thus,it appearsthat the effectsof dependantlearningarealso
ambiguousin thecaseof climatechange.

Here,I focuson theirreversibility effectandoptionvaluetheoryappliedto
�����

emis-
sionspolicies. In the next section,I wish to frame the discussiontheoreticallyby
highlightingthenotionof theexpectedvalueof futureinformation.Then,I will exam-
ine empiricallyunderwhich hypothesisoneirreversibility dominatestheother, andif
thenetirreversibility effect is significant.
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The approachto analysingthe climatechangeissuefollowed in the paperis in-
tertemporaloptimisation: seekingan emissionstrategy J which minimizes the to-
tal cost. Within this methodology, the modelpresentedhereusesstochasticdiscrete
choicesdecisionframework. This may be original. To date,discretechoicesanaly-
sisbetweenpredefinedpathwayshasbeenled in (Wigley, Richels& Edmonds1996)
without uncertainty;while in the otherhandmostintegratedassessmentmodelswith
uncertaintyusedcontinuouschoices,takingfeasibleJ to beany arbitrarynonnegative
functionof time (Nordhaus1994),(Manne& Richels1992).

2 Analysing climate policy choices with the expected
value of future information

Figure1 illustratesthetwo stages,binarychoicesdecisionproblemconsideredhere.In
a verystylisedway, theissueboilsdown to a neartermchoiceanda long termchoice,
eachbeingbetweentwo alternativesonly. Thus,theclimatepolicy issueis represented
by achoiceJ betweenfour alternatives.

� Theneartermchoice,8 , correspondsto theeffort of
�����

emissionabatementin
thenext two decades.It modelsthediscussionaboutthetiming of

��� �
emission

abatement(IPCC1995)known astheWGI vs. WRE3controversy. An aggres-
sive reductionpolicy is representedby 8K�/LNM*O , whereasa policy thatleadto
emissionsremainingcloseto business-as-usualfor two decadesarerepresented
by 8P��LNQSR .

� Thelong termchoice,madein 2020in theemissionsprofilesusedhere,regards
the level of the ceiling of atmospheric

��� �
concentration.Stabilisingat 450

ppmvwouldaskmoreeffortsthanat550,but wouldleadto lowerclimatechange
impacts4.

� Overall,theseclimateimpactsdependuponastochasticvariable T# , whichcanbe
eitherhigh or low5. Theprobability U of high damages#)V , andtheprobability�W%XU of low damages#ZY , areassumedknown from thestartandindependantof8 .

I note �\[^]_T#Z`_Jba thetotal cost,thatis thesumof thereductioncostandtheclimate
damage,to be minimised. As explainedin the introduction,I adoptthe option value
approach,andthusconsidertwo decisionframeworks,denotedwith theletter 0 :

� In the 0��c�?1�d"e?f��?� decisioncase,it is assumedthatpolicymakersactasif they
did not expect to receive new factualelementsto revise their decisions.Here,

3WGI standsfor ‘IPCC WorkingGroupI’, andWRE standsfor Wigley etal. (1996).
4The problemis similar to a naturalresourcemanagementissueby consideringthat the quality of the

atmosphere,measuredbyhow farthe ���	� concentrationisawayfrom550ppmv, isanuniqueenvironmental
good.Choosing450is similar to preservingtheresource.ChoosingWRE in first periodis irreversibleasit
decreasesthequantityof resourceavailablein secondperiod.

5I will note gh 9ji h+kmlonqp>r i�s h"t theexpecteduh , and v"= n uh s�9^i�= n<h+k s lonwp>r i�sq= n@h"t s theexpected
valueof any function = n uh s
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Figure1: Fourdifferent
�����

scenariosfor next century
Thesefour time profilesare definedhereto representthe WGI vs. WRE controversy. They
werecomputedby minimising the total emissionreductioncost,asspecifiedBox 2, underthe
following constraints:
WRE550respectstheconcentrationceiling xzy|{P}�}�~
WGI450respectstheconcentrationceiling x�y�{��"}�~
WRE450respectstheceiling x y {��"}�~ andcoincidewith WRE550for ��{���~?��~
WGI550respectstheceiling x y {�}+}�~ andcoincidewith WGI450for �	{���~+��~
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shorttermdecisionsarenot influencedby thefact that, in the long run, choices
will adaptaswelearnmoreabouttheclimateandsocio-economicsystem.Thus,
analysingtheexpectedcostsandbenefitsis enough.

� In the 0W��e+d?�?�bd�16�707#)� decisionscase,it is assumedthatpolicymakersdeferthe
long termdecisionuntil technicalandscientificknowledgeis available(herein����������� ).

Thedifferencebetweenthesetwo decisionframeworkscanbe illustratedconsidering
thatthereis todaya nonzeroprobability for a dramaticsurpriseimplying thatclimate
damagesaremoreextremethanexpected.Thefirst caseassumesthatsuchprobability
will not be revised betweennow and � . Conversely, the secondassumesthat new
informationwill allow to bemoreconclusiveaboutextremedamagesbefore� .

Becauseit considersonly an averagecase,the one shot decisionframework is
analyticallyeasierto handlethanthe sequentialframework. Yet, policymakershave
learneda lot from climatesciencesover the last20 years,andprobablycanexpectto
learnmuchmorebefore2020. Thussequentialdecision,althoughmoretechnicalto
formaliseasit relieson stochasticdynamicprogramming,is maybea moreaccurate
descriptionof reality.

Figure2 shows how thesetwo decisionproblemscanbe solved usingbackward
induction.Theresultsappearingrow c arethe R*J�U4d+��� d+!)[S��e�� ��]w8|a . Beforeelaborating
with thesesomewhat complicatedexpressions,let us review somebasicelementsof
theoptionvaluetheory.

The four R*J�U4d+��� d+!)[S��e�� ��]w8|a fits into two middle rows, two middle columnsof
Table1. Noticethatthey arelaid outexactlyasin Figure2 row c, with 0	��e+d?�?�4d+16�707#)�
to theleft, 0	���?1�d"e?f��?� to theright, 8���LNQ�R topand 8P��LNM*O bottom.This table
allows a convenientdefinitionof thekey notionsof opportunitycosts,expectedvalue
of futureinformation,andoptionvalue.

For agivendecisionframework 0 , therationalnear-termdecisionis to choosethe 8
which leadto thelower R*J�U4d+��� d+!)[S��e�� � . This comparisoncanbedoneby examining
the sign of the opportunitycosts,definedby readingthe tablevertically, for eachthe
informationcase0 . As set in Equation1, the opportunitycostof the WGI strategy
is thedifferencebetweenits expectedtotal costsandthecostof thealternative LNQSR
strategy. Thatopportunitycostis positivewhenandonly when LNQSR is abetterchoice
than LNM*O .

� U�UZ�?�?�7�41605�7$-[S��e�� � ]5LNM*O
a���R*J�UZd?�I� d?!)[S��e�� � ]wLNM*O)a�%PR*J�U4d?�I� d?!
[S��e�� � ]wLNQSR�a
(1)

Equation2 definestheexpectedvalueof future information(EVFI), asthediffer-
enceexpectedcostoneshotminusexpectedcostsequential.ThisappearsTable1 hori-
zontally. It is intuitive thatEVFI is alwayspositive6. To stressthatEVFI is conditional

6Mathematically, this can be demonstratedby using the resultson Figure 2 and the fact that for anyn��)���5� � �5�����q��� s wehave:����� n��)�I�w� ��s l ����� n����+�q��� s6  ����� n��)�blj���+�q� � l^��� s
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b

WRE
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a-

a+
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min{ TC[a+ , WRE550] ,

TC[a+ , WRE450] }

min{ TC[a- , WRE550] ,

TC[a- , WRE450] }

min{ TC[a+ , WGI550] ,

TC[a+ , WGI450] }

min{ TC[a- , WGI550],

TC[a- , WGI450] }

WRE

WGI

450

550

450

550
p TC[a+ , WRE550] +

[1- p] TC[a- , WRE550]

p TC[a+ , WRE450] +

[1- p] TC[a- , WRE450]

p TC[a+ , WGI550] +

[1- p] TC[a- , WGI550]

p TC[a+ , WGI450] +

[1- p] TC[a- , WGI450]

c

WRE

WGI

Expected CostSequential[WRE]=

p min{ TC[a+ , WRE550],

TC[a+ , WRE450] } +

[1- p] min{ TC[a- , WRE550],

TC[a- , WRE450] }

Expected CostSequential[WGI]=

p min{ TC[a+ , WGI550],

TC[a+ , WGI450] } +

[1- p] min{ TC[a- , WGI550],

TC[a- , WGI450] }

WRE

WGI

Expected CostOneShot[WRE]=

min { p TC[a+ , WRE550] +

[1- p] TC[a- , WRE550]} ,

p TC[a+ , WRE450] +

[1- p] TC[a- , WRE450]}

Expected CostOneShot[WGI]=

min { p TC[a+ , WGI550] +

[1- p] TC[a- , WGI550]} ,

p TC[a+ , WGI450] +

[1- p] TC[a- , WGI450]}

Figure2: WREvs. WGI decisionanalysis
Columnsreadfrom top to bottom. The optimal strategy that minimisesexpectedtotal cost is
computedusingthealgorithmof averaging-out-and-folding-back.The little blacksquaresrep-
resentnodesof thedecisiontreeunderthecontrolof thedecisionmaker, andlittle black discs
representstochasticnodes.More on dynamicprogrammingcanbefoundin (Bruceet al. 1996,
par. 2.3.1,p. 62).
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ExpectedValueof FutureInforma-
tion(WGI)
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OptionValue(WGI)

Table1: OptionValueandconditionalExpectedValueof FutureInformation
This tableallows to readthedefinitionof (quasi-)optionvalue(lower right) in two ways,either
asthedifferencein OpportunityCostsor asadifferencein expectedvalueof futureinformation.
Sinceit representscosts(utility losses)andnot values(utility gains),we considerthedifference
oneshotminussequential,contraryto (Fisher& Hanemann1987).

to whatneartermchoice8 we consider( LNM*O or LNQSR ), I will noteit ÉËÊ�Ì�Í�]w8|a .
ÉËÊ�Ì�Í�]w8|a���ÉËÎ)Ï4Ð�Ñ�Ò�Ð+Ó ��Ô�Õ Ò�Ö�×�Ø7Ù¬Ú�Ö_ÛI]q8�a	%PÉ	Î>Ï4Ð�Ñ�Ò�Ð�Ó ��Ô�Õ Ò�Ù¬Ø7ÜIÝ�Ø7×�ÛqÞ ß�àq]w8|a (2)

Equation3 is a classicaldefinition of option value. It correspondsto the bot-
tom right cell in Table 1 , as the differenceof the two cells to its left. By defi-
nition,

�*á ]5LNM*O
a is positive whenever
� U�UZ�?�?�7�4160��7$>[S��e��_â�ã�ä å æ?â_ç�]wLNM*O)a is greater

than
� U�U4�?�?�7�Z160��7$-[S��e��_å ä è é"ä7ã�ç¬�<ê�ë�]wLNM*O)a . In this situation,conventionalcost-benefit

analysis(setin aoneshotframework) overestimateLNM*O opportunitycost,whencom-
paredto thereal-world sequentialdecisionframework.�*á ]5LNM*O
a�� � U�UZ�?�?�7�Z160��7$-[S��e��_â_ã�ä å æ?â çI]5LNM*O
a�% � U�UZ�?�?�7�4160��7$>[S��e��_å ä_è é"ä7ã"ç¬�@ê�ëI]wLNM*O)a

(3)
Equation4 is anotherdefinitionof

�*á
, which is equivalentto Equation3, asone

can seeby readingTable 1 row first insteadof columnsfirst. Fisher& Hanemann
(1990)statedthatequalityby saying

theoptionvalueis a conditionalvalueof information.�*á ]wLNM*O)aË��ÉìÊ\Ì|Í�]¬í�î�Í_a�%PÉËÊ\Ì|Í�]qí�ïmÉ�a (4)

Finally, let usdefineEquation5 therelative importanceof theoptionvalue. Note
that this ratio � is not theoreticallylimited betweenzero andone, but can take any
value, positive or negative from zero to infinity. This is relatedto the fact that the
expectedvalueof futureinformation,andthereforeoptionvalue,dependsonly uponto
thefuturebenefitof flexibility , but notuponits near-termcost.

�ð�
�*á ]q8�a� U�UZ�?�?�7�4160��7$>[S��e�� â�ã�ä å æ?â_ç ]q8�a (5)

In this ratio, thesignof thenumeratorshowswhich of thetwo irreversibility effectsis
larger. Thesignof thedenominatorshowswhichchoicewouldappearoptimalin a tra-
ditional(oneshot)costbenefitanalysisframework. Whenever �jñò� , theirreversibility
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effectstendsto supportthe resultof the oneshotanalysis.When ���ó� , thereis no
optionvalue. For � in ôC�-`���õ , theoptionvaluedecreasestheadvantageof theoneshot
analysisoptimalchoiceit. At �j�ö� , thesequentialdecisionmaker would beindiffer-
entbetweenthe two alternativesWRE andWGI. Its only when � lies above one,that
thetwo decisionframeworkswould leadto choosingadifferentneartermalternative.

Although to date,option valuehasplayeda centralrole in the literature,I may
conjecturethat ÉìÊ\Ì|Í�]q8�a will turn out to be a moreoperationalconceptthan

�*á ]w8|a
for thefollowing five theoreticalandpracticalreasons.

1. The EVFI approachallows to give a quick proof of the irreversibility effect,
baseduponthepositivenessof EVFI7.

2. Empirically, Fisher& Hanemann(1990)proposedsomewaysto estimateÉìÊ\Ì|Í�]q8�a .
Thiscontrastswith theconceptualdifficultieswith estimatingOV usingEquation
3, paradoxicalin theway that,asFavereau(1991)notes,

If theagentcancomputeit, thenhedoesnotneedit. If heneedsit, he
cannot computeit.

3. Thewordsvalueof future informationmaybemoreself explainingthanoption
value, andhaving a clearvocabulary could help economiststo deliver a clear
messageto policy makers. This is all the more importantthat the distinction
betweenoptionvaluesandquasi-optionvaluesis rathersubtle(Bruceetal.1996,
par. 5.5.2).

4. A centralhypothesisto prove the positivenessof
�*á ]q8�a is that the resolution

of uncertaintiesis independentof whateverchoicehasbeenmadein first period.
The option valueconcepttendsto obscurethat hypothesis,andhidesthe fact
that it is theperspective of learningnew informationthat is critical with regard
to irreversibility, notuncertaintiesin themselves.If wedid notexpectto bebetter
informedtomorrow8, therewould beno advantageto investin flexibility today.
TheEVFI is explicit on all this: a choicea giving moreinformationwill leadto
a higher ÉËÊ\Ì|Í�]w8|a .

5. Theoptionvalueis adifference,andassuchit is only definedaslongasachoice8 is comparedto anotherirreversiblechoice ÷ . On the contrary, ÉËÊ�Ì�Í�]w8|a is
intrinsic, it dependsonly of the choicea being examined. This implies thatÉìÊ\Ì|Í�]q8�a can be usedto comparesymmetricallyany numberof alternatives,

7By proving the irreversibility effect, we meanto show that if an alternative ø is irreversible,thenthe
optionvalueof theoppositealternative is positive.

Let usassumethat, for example,theWRE450pathis infinitely costly. In theframework describedhere,
if ù�ú�û is followed now, therewill beno otheralternative in 2020thanto aim at 550ppmv. This canbe
interpretedasresourceexploitationin first period(i.e. ù�ú�û ) is anirreversiblechoice(i.e. 450is no more
reachable).In this case,no decisionwill beneededin 2020,andthereforefuture informationhasno value:
EVFI( ù�ú�û ) is zero.

Mathematically, if �|ü n<h�� ùýú3û	þ�ÿIH�s is large enough,then ������� n��
	 �6sì9 H becausefor both : we
have:û � i���
7A�����
����_A ¹ n ùýú3ûìsZ9ji?�|ü n<h+k|� ùýú3ûìÿIÿIH�s l�nwp�r i�sC�|ü n<h�t3� ù�ú�ûËÿIÿIH�s

In this situation, ��� n ù�����s = EVFI n ù�����s , andsincewe know that theEVFI is alwayspositive, sois
optionvalue.
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with no needto give a specialattentionto the irreversibleone (if it exists).
This workaroundthe arbitrarypick up of a baselinereferencescenario,which
is recognisedto beoneof thebiggestmethodologicaldifficulty for a long term
issuesuchasclimatechange.

Let us now analysethe EVFI by makingmoreexplicit the costsandthe benefits
associatedwith climatechangepolicies. Resultsof Figure2 row c with Equation2
imply:

ÉËÊ�Ì|Í�]q8�aì���! #" $&%(' � ] T) `�8|&�&���a�` %(' � ]_T) `�8+*
&��
a-,�% % �! ." $/' � ] T) `�8�&�&��
aI` ' � ] T) `�80*)&���a�,
(6)

Now assumeexplicitly that,for a givenemissiontrajectory J , thetotal costis thesum
of deterministicreductioncostsandstochasticclimatechangeimpacts:

�\[^]�T#�`�J4aì��Q�d?!��4���70��?13[S��e���]qJ4a01DO�2jUZ#)�I��]�T#4`_J4a (7)

Thecritical variablesfor thediscussionarethe future opportunitycosts(thecostdif-
ferencebetweenthe450ppmvandthe550ppmvscenario)andbenefits(theadditional
avoidedclimatedamage).Thesefutureopportunitycosts [^]q8�a areconditionalto the
neartermpolicy 8 . Formally, they aredefinedas:

[^]q8�aì�43 ä�5 Q�d?!��4���70��?13[S��e���]w80*)&���a�%PQSd+!��b�I�707�?13[S��e���]w8|&�&��
a (8)

Assumethatthefutureopportunitybenefits T6 dependsnot significantlyuponthenear
termpolicy 8 . Thisapproximationis madeto clarify theexposition,but is notessential
andwasnot usedin numericresultsshown at theendof thispaper(Figure5).

T6 �43 ä-5 O�2jUZ#)�I��]�T#�`�8|&�&��
a|%�O72oU4#)�I��]_T#4`�8+*
&���a (9)

A few calculationsomittedhereallow to rewrite Equation6 in a morecompactform:

ÉËÊ\Ì|Í�]w8|aì�8�! ." $&% T9 ` � ]w8|a�,�% % �: #" $ T9 ` � ]q8�a-, (10)

This expressioncan be regardedas a function of [^]q8�a , as plotted Figure 3. It
appearsthat ÉËÊ�Ì|Í�]q8�a:; � whenever [^]q8�a is within ô 6 Y�` 6 V�õ , otherwiseit is zero.
Theeconomicinterpretationof thatis thefollowing: Futurebenefits T6 of reachingthe
lower ceiling 450ppmvis stochastic.Ex ante,beforeknowing therealisedvalue

6 Y
or
6 V , comparingcostsandbenefitsleadsto threecases:

� If [^]w8|a is lower than
6 Y , thenwe canalreadydecidethat after 8 , it will be

interestingto aimat 450ppmv.

� If [^]q8�a is greaterthan
6 V , thenwe canalreadydecidethatafter 8 , only 550

ppmvwill beinteresting.

8In the political agendachaoticprogress,climate changeissuemay suddenlyreceive a high priority
even without significantnew scientificfindings. Learningaboutpublic andprivatepreferences,andabout
technicalchangemaybeasdecisiveaslearningabouttheocean-atmospheredynamics.Indeed,Mégie(1992)
recallsthatthemostimportantpolicy measuresagainsttheholein theozonelayerhave beenadoptedat the
timeof greatestscientificuncertainties.
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Figure3: Valueof information
Figureshows theexpectedvalueof information <>=@?BA ÇDC È asa functionof thecost ³ ÇDC È com-
paredto the stochasticbenefits EF . It is assumedherethat uncertaintyis multiplicative, that isÁHG °
«�±_� Ç E«JI�¯ ÈLK E«7M Ç ¯ È . The EVFI is maximumwhen the cost exactly equalsthe expected
benefit: ³ ÇDC È0K F�N <>=@?BAPO KRQ ÇTS ¦ Q>È U (11)

� Otherwise,[^]w8|a iswithin theuncertaintyrange,andafter 8 wewill haveto learn
moreaboutbenefitsof climatechangemitigation T6 beforechoosingaceiling.

In thefirst two cases,theinformationon thelevel of climatedamagesis uselesssince
we know alreadyenoughto definethe optimal long term decision. It is only in the
third situationthat 8 is only the first stepof a sequentialdecisionstrategy and that
informationhasa value.

3 Comparing environmental and investment irreversibil-
ities

As statedEquation4, theoptionvalueherecanbeseenasthedifferenceEVFI( LNM*O )
minusEVFI( LNQSR ). Consequently, Figure3 allows to representgraphicallyhow the
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A B C
�WV���LNQ�R

[YX 6 Y 6 YZX�[YX 6 V 6 V[X�[
6 V X�[ Only 550 1

�\V�LNM*O
6 YZX�[YX 6 V Controversial

Environmental
Irreversibility 2

[]X 6 Y Only 450
Investment

Irreversibility Two consistentviews 3

Table2: Qualitativeanalysisframework
This table is representthe possibleoutcomesof an a priori cost benefitanalysisof the two-
stagesdecisionproblemwith uncertaintyrepresentedFigure1. Theassumptionthat ³ Ç ¿EÂ ® È
is greaterthan ³ Ç ¿GÀWÁ�È

excludesA1, A2 andB1. In C2,for example,it canbesaidthat
¿GÀWÁ

is moreflexible, since
¿òÂ ® is irreversible,andthus

¿GÀWÁ
optionvalueis positive.

signof theoptionvalueis determined.ThesituationdescribedFigure3 canbecharac-
terisedby threekey aspects:

1. From2020onwards,it will belesscostlyto achievestabilisationat 450ppmvif
aggressivepolicieshave beenstartedearly. It impliesthatthepoint correspond-
ing to LNQ�R is locatedto the right of the point correspondingto LNM*O or that[^]5LNQSR�a@;�[^]wLNM*O)a .

2. The expecteddamage ^6 lies nearthe left of the interval, closeto the low hy-
pothesisdamage

6 Y . This assessmentof the subjective probability U is based
uponthe a real concernamongstclimatescientistfor the possibility of climate
surprises,eventsof high consequenceswith low probability.

3. The decisionmakingproblemis alwayssequential,that is both [^]wLNQSR�a and[^]5LNM*O
a arewithin ]
6 Y ,

6 V [ , sothatfor bothneartermalternativestheEVPI
is nonzero.

Thelasttwo pointscombinedimpliesthat [^]wLNQSR�a and [^]5LNM*O
a arelikely to lie
between ^6 and

6 V . Combinedwith thefirst, they leadto thesituationFigure3, with
EVPI(WGI) above EVPI(WRE).To the extendthat thesethreepointsaretypical, the
optionvalueof LNM*O is typically positive.

Discussingthe third point leadsto examinethe differentpositionsof [^]wLNQSR�a
and [^]wLNM*O)a with respectto

6 Y and
6 V . Given(1.) this leadsto thesix situations

describedTable2. This tablecorrespondsto Figure4, which represents
�*á ]5LNM*O
a in

theplane ]w[^]wLNQSR�a�`�[^]5LNM*O
a�a .
In Figure4, onenoticeat first sightthefour flat squareareasin thecorners.These

correspondto cornercellsA1, C1,A3 andC3in Table2, anddescribesituationswhere
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Figure4: Differenceof EVFI.
This figureshows the

Ã`_ Ç ¿GÀWÁ�È
, theoption valueof aggressive nearterm acb � emissionre-

ductions,in the plane Ç ³ Ç ¿GÀWÁ�È I7³ Ç ¿òÂ ® È7È
, seeFigure 3. The nine areascorrespondsto

Table2’s ninecells.By definition, ³ ÇDC È is theopportunitycostof reachingthe450ppmv acb �
concentrationceiling if wefollow the C typeof trajectorybetweennow and2020.Futureoppor-
tunity benefitsof reachingthe450ppmvceiling are:

F t K S and
F k K � , with a probability° K ~�d e .
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uncertaintydoesnot matterat all, sotheoptionvalueis zero.Evenif climatedamageT6 is stochastic,weknow alreadyenoughto decide.
Cell C3 correspondsto

6 VfX�[^]wLNQSR�a and [^]wLNM*O)agX 6 Y . Thefirst inequal-
ity meansthat if we choosetodayto delay

�����
reductionspolicies,we know we will

choosein 2020the 550 ppmv concentrationtarget, whatever we learnaboutthe cli-
matedamage.Thesecondinequality, aboutWGI, meansthat if we chooseaggressive
neartermreductions,thenwe will choosethelow concentrationceiling in 2020.This
describesa situationof mutuallyexclusiveirreversibilities.

The environmentalirreversibility effect situationcorrespondsto cell C2 in Table
2 andto the front hill in Figure4. This is the situationdescribedin footnotebefore,
wherewe assumedthat LNQSR could only lead to the 550 ppmv, and thereforewas
economicallyirreversible. In this situation,we seethat the option valueof LNM*O is
positive.CellB3correspondsin thesamewayto theinvestmentirreversibilityeffect. In
thecentralareaof Figure4, correspondingto cell B2, thesignof theoptionvalueis not
uniform. It describesthesituationin whichwemayhaveto revisechoicesaccordingto
thenew informationin thefuture. In thatsituation,bothenvironmentalandinvestment
irreversibilitieshave to be considered.I called this areadecisionundercontroversy
situationin referenceto (Hourcade,Salles& Théry1992).

To explorefurthertheissue,I usedanexplicit modelof
�����

emissionsabatement
costsandclimatedamages,DIAM, in order to get a dollar value for

�*á ]wLNM*O)a . I
specifyEquation7 usingfunctionalformssummarisedFigure5. Themostimportant
economicparametersherearethediscountrate � (4%peryr), themagnitudeof climate
damagesatdouble

��� �
equivalent ! ��h (1.75%of GrossWorld Product)andaninertia

parameteri (50 years).
That lastparameterdemandsmoreexplanation.Dimensionalanalysisof Equation

12 shows that i is a duration. It canbe interpretedasthe characteristictime of the
socioeconomicsystemproducingemissionreductions,a critical parameterwhencon-
sideringtheirreversibility of a systemevolution. Following theEMF14guidelinesset
by expertsurvey by Nordhaus(1995),I considerthatin thehighcase,occurringwith a
probability Uz�N�+� %, climatedamagesare7.8timeshigherthanin thelow case.

Table 3 shows the different parametersset examinedand correspondingresults.
Given the wide rangeof parametersexploredhere,it is not surprisingto find a wide
rangefor optionvalues.Let usbegin by explainingthecentralcaseA.

� The opportunitycostof LNM*O appearsto be positive in both the oneshotand
the sequentialframework. This meansthat the LNQ�R appearslesscostly thanLNM*O .

� It appearsthat the cost is smallerin a sequentialframework: the option value�*á ]wLNM*O)a is positive but not largeenoughto reversethe decisionin a binary
choicesituation.

� Quantitatively, the opportunitycostof LNM*O , evaluatedat 0.5%of 1990GWP
in the oneshotframework, is divided in two in the sequentialdecisionmaking
framework. Thismeansthattheoptionvalueis about0.25%of 1990GWP.
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Figure5: DIAM modelof explicit reductioncostandclimatedamages
Following Ha-Duong,Grubb& Hourcade(1997),reductioncostsandclimatedamagesaredis-
countedusingasocialrisk-freerate Ä (4%). They aredefinedfor anemissionreductionpathway
thatabatethefraction ¯ Ç � È of theIS92areferencescenario®y� µP��Ç � È , sothatactualemissionlevel
atdate� is: � � µP� Ç � È ÇTS ¦ ¯ Ç � È7È .
Reductioncostsaredetermined(Equation11)byatechnicalprogressrateÄ (1%)andacharacter-
istic timeof energy systems� (50years).Thecostsscale±�º Ç � È

is normalised( ±�º Ç }�~ È+K S d eW� ,±�º Ç ��~ È+K e�d S&� ) sothattotal costis comparableto DICEsone(Nordhaus1994).
Climate damagesare determined(Equation12) by a linear function of laggedconcentrationx y t(� , usinga climatic inertia lag � K e+~ years.Damagesaresetto bezeroin �P� K S&�\�~� , sox � K x �s�P��� (314ppmv),andincreasingat a rateof ¤ K S % peryear(to capturetheideathat
damagesincreasewith, but notasfastas,globalwealth).
The referencecalibrationlevel for damagesis set at ² ��� K S d � } % of GrossWorld Product
(GWP),for a doublingof acb � equivalentconcentrationx ��� K � � � ppmv.
Equation13 definesacb � concentrationat date � , usinga linearperturbationmodel. Reference
concentrationpath x�� µP�
Ç � È is computedfrom IS92atotal carbonemissions.

Â Ç © È is the at-
mosphericresponsefunction, and the 0.471factor converts emissionsin GtC to atmospheric
concentrationsin ppmv.
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Parameters Results

#)V U�]w#)VËa i ! ��h p EVFI Ç ¿GÀWÁ�È
EVFI Ç ¿EÂ ® È Ã`_ Ç ¿EÀWÁ�È Ã ³|½_¸+µ�´�¾I½_yÇ ¿EÂ ® È Ã ³�´�µw¶ ·�µ�¸�y@¹ÆºI¼Ç ¿GÀWÁ�È Ä

A 7.8 0.1 50 1.75 0.04 A 2.89 2.64 0.25 0.51 0.26 50%
B - - 20 - - B 2.82 3.12 -0.30 -0.56 -0.26 54%
C - - 200 - - C 2.94 2.31 0.63 1.24 0.61 21%
D - - - - 0.05 D 0.61 0.14 0.47 2.12 1.66 22%
E - - - - 0.03 E 0.00 9.35 -9.35 -13.3 -3.99 70%
F - - - 2.50 - F 3.07 4.69 -1.63 -2.41 -0.79 67%
G - - - 1.04 - G 1.29 0.70 0.59 1.84 1.24 32%
H 3.9 - - - - H 0.91 0.24 0.67 1.27 0.60 53%
I - 0.5 - - - I 2.79 7.69 -4.89 -10.9 -6.05 45%
J - 0.02 - - - J 0.58 0.53 0.05 1.57 1.52 3%

-: sameascaseA

Table3: Sensitivity analysisof WGI optionvalue.
Parameters:discountrate Ä ; overallmagnitudeof climatedamages² ��� ; socioeconomicinertia� andmagnitudeof damagesin thehighhypothesis« k with probability° (low damages« t K S
everywhere).
Results:expectedvaluesof future informationEVFI, the option value

Ã`_
and Ä , andpresent

opportunitycost
Ã ³ . Thesearein % of GrossWorld Product,except Ä which is a relativevalue

asdefinedEquation5.
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Thisresultshowsthattheoptionvalueis in thesameorderof magnitudeasopportunity
costs.If I take ����,��+� V �W� asanindicatorof 1990GWP, optionvalueis about50 billion
dollars.This figureis comparableto expectedvaluesof presentinformation(EVPI) in
(Manne& Richels1992,p. 85),and(Nordhaus& Propp1997).

Thefactthatoptionvalueis significantcomparedto opportunitycostsis confirmed
by sensitivity testsB to J:Opportunitycostsin thesequentialandoneshotframeworks
do differ significantlyacrossrangeof parametersstudiedhere,with �X� ��� % to 70%
(exceptfor thelow uncertaintycaseUz����, �
� ).

The option value for LNM*O is positive only in six casesout of ten. Explaining
this gives the key intuition on the sign of option value. As definedEquation1, the
opportunitycostof LNM*O is the differenceof total expectedcostbetweenLNM*O andLNQSR . Thus its absolutevalue � � [ � ]wLNM*O)a�� can be regardedas the cost of a non
optimalnear-termchoice,or thecostof error. Observethenthatfor all tenscenarios:

� � [Wå_ä è é"ä7ã"ç¬�@ê�ë�]5LNM*O
aW�)ñ�� � [ â_ã�ä å æ?â ç�]wLNM*O)a��
With this in mind, Table3 shows that the signof the option valuecorrespondsto the
idea that adaptabilitytendsto decreasethe near-term stakes: in sequentialdecision
making,thecostof errorsis alwayslower thanin theoneshotframework.

Two otherresultsappearfrom thetable.First,all parameterssetexploredherebut
onedescribethe decisionundercontroversysituation(cell B2 in Table2), sincethe
EVFI is nonzeroexceptin theE case.This is not asmucha resultthana checkthat
thevaluesof parametersexploredhereareconsistentwith themoregeneralview that
sequentialdecisionmatters.

Second,� is never above one,which meansthat quasioption valuealonewould
not justify a changein the optimal near-term choice. This doesnot really weaken
our central result on the importanceof the option value, as it is obviously a direct
consequenceof thebinary-choicedecisionframework usedhere.

Figure6 representsTable3 results. It allows to understandhow option valuede-
pendsuponparametersi , � , U and ! ��h . PointsrepresentingTable3 resultsareplotted
overa top view of Figure4 centralarea.All variationscanbeexplained:

When the characteristictime of socioeconomicsystem i increasesfrom 20 to
200 years,the point movesto the right from B to C. This meansthat higher inertiai significantlyincreasesthe costsof going to 450ppmv if we startby following the
WRE path,but haslittle effect if we follow WGI. This is becausehigher inertia i
makesadjustmentsof theeconomicsystemmorecostly, a factrepresentedin Equation
12 by i � ]qJ ç %�J ç Y V a . If we start on a LNQSR type of trajectory, then the costsof
switching later to a strict concentrationceiling as 450 ppmv are mainly adjustment
costs,directly sensitive to the inertia i . On theotherhand,if we startof a WGI-like
pathway, theadjustmentcostsarenot sosignificant,so [^]5LNM*O
a is not sosensitive toi .

Lowerdiscountrateor higherclimatedamageshavethesameeffect: bothpointsE
andF areto thebottomleft of A. Thiscoincidencecouldhavebeenexpected,giventhat
damagesoccurfar in the future. Thedirectionin which pointsmove is alsointuitive.
Giventhatwe projecttheresultsovera backgroundwherethedamagesremainsfixed,
anincreasein damagesis graphicallyrepresentedasa decreasein reductioncosts.
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Figure6: Empiricalexplorationof themostflexible choice.
Theoptionvalueis representedby grey shadesandcontourlines. Pointsin clearerareasrepre-
sentsparameterssetwhich leadto positive optionvaluefor earlyemissioncontrol. This figure
correspondsto atopview of Figure4,magnifiedovercentralarea.Methodology:In thegraphics
background,probability for high damagesis ° K ~�d S . Thevarious ³ ÇDC È and
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F k�� onto � 0, 1, 1.1,2� .
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The I case(high U ) andJ case(low U ) illustratesEquation11. Note that caseC3
wasnot illustrated. This may be becausethereis no parameterto representinduced
technicalchangein themodel. Inducedtechnicalchangehasa directeffect on option
value,sinceit decreasethe costof the long term environmentalpreservation(550) if
andonly if preservationactionoccurin thefirst period( 8ý��LNM*O ). Figure6, it moves
thepoint to theSouth.To date,thatcritical aspectonly beginsto appearin integrated
assessmentmodels,andit is not unrelatedto dependantlearning.

4 Conclusions

This paperdid not explore theeffectsof risk aversionanddependantlearning. It out-
lined a methodologyto computea quasi-optionvaluefor environmentpreservationin
theclimatechangeissue,by comparingstrategiesinvolving aggressivenearterm

�����
emissionsabatementwith moremoderatestrategies.

The option valuewasdefinedasthe variationof the expectedvalueof future in-
formationbetweenthesetwo strategies. This allowedto examinequalitatively (Table
2) aswell asnumerically(Table3) the balancebetweenenvironmentalirreversibility
andinvestmentirreversibility; andto evaluatewhetherthe net irreversibility effect is
significant.

The first result is that in the centralcaseand for the majority of the parameters
valuesexploredhere,theoptionvalueof earlyabatementis positive, that is the envi-
ronnementalirreversibility effectdominates.

This supportstheview that thereis a largebenefitin purchasinginsuranceagainst
climatechangeby earlyactionto mitigategreenhousegasesemissions.

More generally, numericalexperimentsfound a positive option value for LNM*O
when LNQ�R wasthe leastcostchoiceandvice versa.This supportstheview that the
effectof futureadaptabilityis to decreasesthecostof errorsin near-termchoices.This
balancedresultis not surprising,giventhatwide uncertaintiesremainwith respectto
therelativereduction,mitigationandclimatedamagecostsandsubjectiveprobabilities.

The secondresult is that quasi-optionvalueis very significant,about50% of the
cost. That was confirmedby all sensitivity testscarriedout. Even if, framing the
decisionasa binarychoicesituation,theoptimalneartermchoicewasfoundto bethe
samefor sequentialor oneshotframework, it remainsthat theopportunitycostof the
alternativeactionis dividedby a factortwo in thesequentialcase.

Thisquantificationof themagnitudeof optionvaluemaybearelatively new result.
I look forwardto extendthatanalysis,asthediscretechoicesdecision-makingframe-
work outlinedhereis rathergeneralandcouldbeusedwith otherintegratedassessment
models.It hasbeenwidely saidthatuncertaintiesandirreversibilitiesshouldhave im-
portanteffectson policy choices(seefor example(Int 1997)). Theseresultsconfirm
empirically that preservingflexibility is a policy objective to be ranked equallywith
theminimisationof reductioncostsandthemitigationof climatedamages.
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économie’,Éditionsdel’EHESS,Paris.

Fisher, A. C. & Hanemann,W. M. (1987),‘Quasioptionvalue:Somemisconceptions
dispelled’,Journalof EnvironmentalEconomicsandManagement14, 183–190.

Fisher, A. C. & Hanemann,W. M. (1990),‘Option value: Theoryandmeasurement’,
EuropeanReview of Agricultural Economics17, 167–180.

Graham-Tomasi,T. (1995),Quasi-optionvalue, in D. W. Broomley, ed., ‘The Hand-
bookof EnvironmentalEconomics’,Blackwell Publishers,chapter26.

Ha-Duong,M., Grubb,M. J. & Hourcade,J.-C.(1997),‘Influenceof socioeconomic
inertiaanduncertaintyon optimal [ �*�

-emissionabatement’,Nature 390, 270–
274. Also availableelectronicallyas.pdf from Naturewebsite.

Henry, C. (1974), ‘Investmentdecisionsunderuncertainty: The “Irreversibility Ef-
fect”’, AmericanEconomicReview 64(6), 1006–1012.
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plinaire”’, CentreNationaldela RechercheScientifique,Paris.

Nordhaus,W. D. (1994),Managing theGlobalCommons, MIT Press.

Nordhaus,W. D. (1995),Noteson scenariosfor uncertaintysubgroup. letter to the
participantsof theEMF 14.

Nordhaus,W. D. & Propp,D. (1997),‘What is thevalueof scientificknowledge?’,The
EnergyJournalpp.1–23.

Peck,S. C. & Teisberg, T. J. (1993),‘Global warminguncertaintiesandthe valueof
information:An analysisusingCETA’, ResourceandEnergyEconomics15, 71–
97.

Simon,H. A. (1956),‘Dynamic programmingunderuncertaintywith a quadraticcri-
terionfunction’, Econometrica24, 74–81.

Ulph, A. & Ulph, D. (1997),‘Global warming,irreversibility andlearning’,TheEco-
nomicJournal 107(442),636–650.

Wigley, T. M. L., Richels, R. & Edmonds,J. A. (1996), ‘Economic and environ-
mentalchoicesin the stabilizationof atmospheric[ �*�

concentrations’,Nature
379(6562),240–243.

23


