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SUMMARY

In theclimatechangédssue theervironmentalrreversibility (risk of anacceleration
of mitigation policiesif the worse happen)hasto be balancedwith the investment
irreversibility (risk of over-cautiouspolicies). To explore this balance we definean
option valuefor a precautionaryclimate policy. Usingthe simplestdecision-making
model,we exposehow optionvaluerelatesto theexpectedvalueof futureinformation.
Using quantitatve datafrom anintegratedassessmemhodel,we find thatmostof the
timesthe ervironmentalirreversibility dominateghe investmenirreversibility. For all
casesxploredhere,the orderof magnitudeof the option valuewassignificant,about
50% of the opportunitycost.
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1 Introduction: Thetwofold irreversibility issue

The United Nation Frameavork Corventionon Climate Changeobjective suggestsdo
considera “safety ceiling” for greenhousgasesoncentratiorover which irreversible
damagewould occur Froma practicalpoint of view, the accumulatiorof greenhouse
gasesn theatmosphereanindeedberegardedasirreversible:atthehumangeneration
timescaleconcentrationfevelscanonly increaseTheproblemis thatno safeceilingis
specifiedasthe IntergovernmentaPanelon Climate Changg(IPCC) recognisesYet,
doingnothingmeansgiving up the option of reachinghe loweststabilisationevels.

For example,stabilisationof CO, concentratiorat 400 ppmv hasalreadybecome
anunrealisticgoal. It will bethe samefor 450 ppmvin a coupleof decadesf present
trendscontinue. Therangein the estimatef climatesensitvity?, usedin (I 1997)is
+1.5Cto +4.5C.Thecombinatiorof ervironmentalrreversibility with unexpectecbad
newsfrom climatesciencecouldleadto theneedof asudderacceleratiorof adaptation
and mitigation policies. We would then considerthe dilemmaof choosingbetween
economicallydisruptive policy measurespr faceunfavourableclimatic changes.

Theinterplaybetweenrreversibility anduncertaintyhasbeena centralissuein en-
vironmentaleconomicssinceHenry (1974)andArrow & Fisher(1974)demonstrated
theexistenceof an‘Irreversibility Effect’ in 1974. Historically, this hasbeenillustrated
by analysingthe economicsof a hydroelectricdam constructionproject that would
flood a beautifulnaturalvalley. Sucha projectis irreversiblefor two reasons.oneis
thedestructiorof thevalleys ecosystemsheseconchasto dowith theirrecoverability
of theinvestmentn the building itself.

Thesetwo reasonscorverge to imply that beforestartingthe project, waiting to
have moreinformationis valuable.Historically, theirreversibility effect stateghat:

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

Butin theclimatechangdssueervironmentapresenation(thatis, earlyCO, emission
control efforts) needsinvestmentwhereaservironmentalexploitation correspondso

businessasusual. Consequentlythe two irreversibilities outlined above do not con-

verge but have oppositeeffects, as statedby IPCC(Bruce,Lee & Haites1996,SPM,

par2):

Uncertaintiegemainwhich arerelevantto judgemenbf what constitutes
dangerousanthropogenidnterferencewith the climate systemand what
needso be doneto preventsuchinterferencel...] Thechallenges not
to find the bestpolicy todayfor the next 100years but to selecta prudent
stratgy andto adjustit overtime in thelight of new information.

Earliermitigationactionmayincreasdlexibility in moving toward stabil-
isationof atmosphericoncentrationsf greenhousgases.The choiceof
abatemenpathsinvolvesbalancinghe economicaisksof rapidabatement

1Thelong term (equilibrium) changen global meansurfacetemperaturdollowing a doublingof atmo-
sphericequivalentCO» concentrationnotedA T,



now (thatprematurecapitalstockretirementwill laterbe provenunneces-
sary),againstthe correspondingisks of delay(thatmorerapid reduction
will thenberequirednecessitatingrematureetiremenof futurecapital).

The investmentirreversibility effect (Dixit & Pindyck 1994, esp. pp. 412—418)
setsa brake to climatechangemitigationpolicies. It impliesthatwaiting to have more
informationis valuable to avoid therisk of overprotectinghe ervironment. The goal
of this paperis to examineanalyticallyandempirically the balancebetweenrerviron-
mentalandinvestmenirreversibility.

In the sequelof this introduction,l will examinehow the literaturehasdeveloped
theinitial intuition into differenttheoreticalandapplieddirections. Theoreticadevel-
opmentssuneyed by Graham-dmasi(1995)leadto a more generaldefinition of the
irreversibility effect, that:

Betterinformationleadsto moreflexible choices.

Explaining how “more flexibility” and “better information” have beenrepresented
helpsto understandhow this generaldefinition extendsthe first one statedabove, and
to settherelative positionof this paper

Perfectirreversibility canratherclearlybe seenasalimit caseof very low flexibil-
ity. Mathematically the former is often representedvith inequality constraints.The
lattercanberepresenteth mary moredifferentwayssuchas: (a) orderingon thesize
of reachablesets,(b) accumulatioranddecaydynamicsof a naturalresourcestock(c)
adjustmentosts. This paperwill not useperfectirreversibility, but ratherflexibility
aspectgb) and(c).

Thereare mary waysto defineandrepreseniwhat a betterinformationis. One
approachusesBayesiarnconsiderationgandorderingsbetweeninformationstructures.
I will remainhereat a simplerlevel by assumingthat all uncertaintiesare resohed
atonceat a dateT', andthat betterinformationmeansan earlierT'. This framewvork
allowsto identify threetrendsin thelitteratureto date:

¢ The sensitvity of resultsto an earlierresolutionof uncertaintieshasbeenas-
sessedn moststochastianodelson the economicsof climate changeby com-
paring,for example,resultswith 7' = 2020 to resultswith T = 2010.

¢ A secondpoint of view focuseson the expectedvalue of perfectinformation
(EVPI). Thisamountgo computethe differencebetweerthe expectediotal cost
assuming’ = 2020 (acasenamedheAct ThenLearnhypothesisvith thetotal
costassumindl’ = today (acasenamed_earnThenAct).

DevelopingthisapproachManne& Richels(1992,p. 73)werepioneersn intro-
ducingsequentiabecisionmakingin climatechangemodels. Using GLOBAL

2100,they computedheoptimalhedgingstrateyy givena stochasticCO, emis-
sionsreductiontarget. Yet,themethodologythey useddoesnotseparatéhepure
effect of hedgingfrom changesn expectedtarget.

They assumedhat the target could take one of threevalues: —50% from the
1990emissionlevel with probability 16%; —20% (probability 24%) andno re-
striction with probability 60%. Usingthis value,it would have beeninteresting



to comparethe optimal hedgingstrateyy with the optimal policy assuminghe
averageconstraintthatis —12.8% reductiontargetknown from the start.

e Thatideais preciselywhatthe option valueapproachs about: comparingthe
caseT’ = 2020 with thecaseT = in finity?. TheformercaseT = 2020, does
correspondo the Act Then Learn hypothesis. The latter could be namedthe
Never LearnhypothesisafterPeck& Teisbeg (1993).Herel will useadifferent
vocahulary, andreferto T' = 2020 asthe sequentiabecisionframevork, andthe
otherthe oneshotdecisionframevork

Theoreticakesearchasshovn the existenceof wide classe®f decisionproblems
for which we knew a priori that the irreversibility effect holds. Earlier T' leadsto
moreflexible nearterm choices.Building uponthis intuition, appliedliteraturetakes
a logically differentstance. The irreversibility effect can be usedas a principle to
interpretamodel’s results.It allows to explainintuitively whathappengo the optimal
neartermchoicewhenT is earlier

Let usconsideramodelof theeconomicof climatechangecomputingtheoptimal
neartermCO4 emissiongeductiona underuncertainty The sensitvity of « to 7" may
beinterpretedasthe resultsof the tradeoff betweerthe two irreversibility effects. If,
for example,a modelfinds thatthe perspectie of a betterfuture informationleadsto
a stricter control of CO, emissionsn the next decadesthenfor that modelit may
be assertedhatthe ervironmentalirreversibility effectis strongerthantheinvestment
irreversibility effect.

ThelPCCstatementhat“the uncertainty-basedost-benefiassessmentompleted
thusfar find higheroptimal ratesof abatementhan do the deterministiccost-benefit
models”(Bruceet al. 1996,ch. 10 sum.,p. 372), seemdo put forward the erviron-
mentalirreversibility effect. Yetit dependsssentiallyon anintermodelcomparison,
andassuchdoesnot allow to concludedecisiely. A closerlook at theirreversibility
effectin the climatechangessueliteratureshovs indeedthat publishedresultscover
thewhole possibilities:

¢ Nordhaus(1994)finds that introducinguncertaintyin DICE increaseptimal
control ratesby about50%. This supportsthe ideathat the ervironmentalirre-
versibility effect matters.

e Onthecontrary Kolstad(1994),usinga stochastiosersionof the DICE model,
suggestsatherthat

Theirreversibility of investmentapitalhasa strongereffect thanir-
reversibilitesin climatechanggotherthancatastrophieffects).

Theseresultsareconfirmedby Ulph & Ulph (1997),who find that

2WhenT = infinity, learningnever occurs,so the payofs take their expectedvalue. This ideais
closeto but differentfrom the notion of certaintyequivalent, the casedefinedby “T" = in finity andall
parametersake their expectedvalue”. Both canbe usedassurrogategor the stochasticI' = 2020 case
(Simon1956).



For mostparametersalues currentabatemenof emissionof green-
housegasesshould be lower whenwe allow for the possibility of
obtainingbetterinformation.

e In betweenPeck& Teisbeg (1993,fig. 9 and10), found that regardingCO-
emissionin theshortrun, 20 or 40 years,

optimalpoliciesareroughlythe sameregardles®f how uncertainties
areresolhed.

In sum,it appearshatempiricalresultsto datearefar from unanimoushjustifying
the political concernover therisks of ervironmentalirreversibility, the precautionary
principle. Beyond methodologicalissueswith integratedassessmentyhich should
not be neglected differentreasonsould explain this discrepang. We cannotexclude
a priori thatthe two irreversibility risks are large but balanced so that the net effect
maybeactuallysmall. Anotherpointwe have to considethereis thattheirreversibility
effectis nottheonly componenbf optionvaluesupportingheprecautionarprinciple.

o Forthesale of clarity, risk aversion, which leadsto the moregeneralquestions
of intergenerationaandinterregional decisionmaking,wasdeliberatelynot in-
cludedin the modeldefinedbelown. This is the reasonwhy the option valuein
this modelis only a quasi-optiorvaluewhenviewedfrom a moregeneralpoint
of view.

¢ An importantcomponenbf quasi-optiorvaluenotstudiedin this papethasbeen
nameddependantearningby Fisher& Hanemanr{1987):

It surelyrequireno algebrato show that,if theinformationaboutthe
consequencesf anirreversibledevelopmentactioncanbe obtained
only by undertakingdevelopmentthis strengtherthe casefor some
development.

LessCO- emissionsvould slow therise of the climate changesignal over the
climate naturalvariability noise.But this effect, which supportspollution, may
actuallybe smallgiventhatevenunderthe mostextremereductionproposalgdo

date,the concentrationmeductionis only 12 ppmvin 2020,a small figure com-
paredto thedifferencebetweerthe400ppmvexpectedatthatdateandtheprein-
dustrial CO, concentratiorof about280 ppmv. On the other hand, emission
control policies are likely to bring significantscientific, technicaland institu-

tional learning. Thus, it appearghatthe effectsof dependantearningare also
ambiguousn the caseof climatechange.

Here,l focusontheirreversibility effectandoptionvaluetheoryappliedto CO, emis-
sionspolicies. In the next section,| wish to frame the discussiontheoreticallyby
highlightingthe notion of the expectedvalueof futureinformation. Then,| will exam-
ine empirically underwhich hypothesisoneirreversibility dominateghe other, andif
thenetirreversibility effectis significant.



The approachto analysingthe climate changeissuefollowed in the paperis in-
tertemporaloptimisation: seekingan emissionstratey x which minimizesthe to-
tal cost. Within this methodologythe model presentedhereusesstochastiadiscrete
choicesdecisionframenork. This may be original. To date,discretechoicesanaly-
sis betweenpredefinecpathwayshasbeenled in (Wigley, Richels& Edmonds1996)
without uncertainty;while in the otherhandmostintegratedassessmemhodelswith
uncertaintyusedcontinuouschoicestakingfeasiblez to beary arbitrarynonnegative
functionof time (Nordhausl994),(Manne& Richels1992).

2 Analysing climate policy choices with the expected
value of futureinformation

Figurelillustratesthetwo stagesbinarychoicesdecisionproblemconsideredhere.In
avery stylisedway, theissueboils down to a neartermchoiceandalong termchoice,
eachbeingbetweertwo alternatvesonly. Thus,theclimatepolicy issueis represented
by a choicex betweerfour alternatves.

e Theneartermchoice,a, correspondso theeffort of CO, emissiorabatemenin
thenext two decadeslt modelsthediscussioraboutthetiming of CO2 emission
abatemen(IPCC 1995)known asthe WGI vs. WRE3controversy. An aggres-
sive reductionpolicy is representetly « = WG, whereasa policy thatleadto
emissiongemainingcloseto business-as-usuédr two decadesrerepresented
bya = WRE.

e Thelongtermchoice,madein 2020in the emissiongrofilesusedhere,regards
the level of the ceiling of atmospheridCO, concentration. Stabilisingat 450
ppmvwould askmoreeffortsthanat550,but wouldleadto lower climatechange
impactg.

¢ Overall, theseclimateimpactsdependiponastochasticvariabled, which canbe
eitherhigh or low®. The probabilityp of high damages™ , andthe probability
1 — p of low damages —, areassumedknown from the startandindependantf
.

| noteT'C(a, z) thetotal cost,thatis the sumof thereductioncostandthe climate
damageto be minimised. As explainedin theintroduction,| adoptthe optionvalue
approachandthusconsidertwo decisionframenorks,denotedwith theletters:

¢ Inthei = oneshot decisioncasejt is assumedhatpolicymakersactasif they
did not expectto receive new factualelementgo revise their decisions. Here,

3WGI standsfor ‘IPCC Working Groupl’, andWRE standgor Wigley etal. (1996).

4The problemis similar to a naturalresourcenanagemenissueby consideringthat the quality of the
atmosphereneasuredby how fartheCO2 concentratiotis avay from 550ppmy, is anuniqueervironmental
good. Choosingd50is similar to preservingheresource ChoosingWRE in first periodis irreversibleasit
decreasethe quantityof resourceavailablein secondperiod.

51 will notea = pat + (1 —p)a~ theexpectedi, andE f(a@) = pf(a™) + (1 —p)f(a™) theexpected
valueof ary function f(&)
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Figurel: Four differentCO, scenariogor next century
Thesefour time profiles are definedhereto representhe WGI vs. WRE controversy They
were computedoy minimising the total emissionreductioncost, asspecifiedBox 2, underthe
following constraints:
WRES550respectshe concentratiorceiling M; < 550
WGI450respectshe concentratiorceiling M, < 450
WRE450respectsheceiling M; < 450 andcoincidewith WRE550for ¢ < 2020
WGI550respectsheceiling M; < 550 andcoincidewith WGI450for ¢ < 2020
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shorttermdecisionsarenot influencedby thefactthat, in thelong run, choices
will adaptaswe learnmoreabouttheclimateandsocio-economisystem.Thus,
analysingthe expectedcostsandbenefitsis enough.

¢ Inthei = sequential decisionsase|t is assumedhatpolicymakersdeferthe
long term decisionuntil technicalandscientificknowledgeis available (herein
T = 2020).

The differencebetweerthesetwo decisionframewnorks canbeillustratedconsidering
thatthereis todaya nonzeroprobability for a dramaticsurpriseimplying thatclimate
damagesremoreextremethanexpected.Thefirst caseassumeshatsuchprobability
will not be revised betweennow and7. Corversely the secondassumesghat new
informationwill allow to be moreconclusve aboutextremedamage$eforeT .

Becauset considersonly an averagecase,the one shot decisionframework is
analytically easierto handlethanthe sequentiaframevork. Yet, policymakershave
learneda lot from climate sciencesver the last 20 years,and probablycanexpectto
learnmuchmore before2020. Thus sequentiabecision,althoughmoretechnicalto
formaliseasit relieson stochastiadynamicprogramming,s maybea moreaccurate
descriptiorof reality.

Figure 2 shavs how thesetwo decisionproblemscan be solved using backward
induction. Theresultsappearingow ¢ arethe ExzpectedCost;(«). Beforeelaborating
with thesesomeavhat complicatedexpressions|et us review somebasicelementsof
theoptionvaluetheory

The four EzpectedCost;() fits into two middle rows, two middle columnsof
Tablel. Noticethatthey arelaid outexactly asin Figure2 row c, with i = sequential
totheleft, i = oneshot to theright,« = W RE topanda = WGI bottom. Thistable
allows a corvenientdefinition of the key notionsof opportunitycosts,expectedvalue
of futureinformation,andoptionvalue.

For agivendecisionframenork i, therationalneartermdecisionis to choosghea
which leadto the lower ExpectedCost;. This comparisorcanbe doneby examining
the sign of the opportunitycosts,definedby readingthe table vertically, for eachthe
information casei. As setin Equationl, the opportunity costof the WGI strateyy
is the differencebetweerits expectediotal costsandthe costof the alternatve W RE
stratgy. Thatopportunitycostis positve whenandonly whenW RE is abetterchoice
thanWGI.

OpportunityCost;(WGI) = ExpectedCost;(WGI) — ExpectedCost;(W RE)
(1)
Equation2 definesthe expectedvalueof future information(EVFI), asthe differ-
enceexpectedcostoneshotminusexpectedcostsequentialThis appeardablel hori-
zontally. It is intuitive thatEVFI is alwayspositive®. To stresghatEVFI is conditional

6Mathematically this can be demonstratedby using the resultson Figure 2 andthe fact that for ary
(x1, 2, z3,4) We have:

min(z1,z2) + min(zs3, z4) < min(z1 + 3,22 + 4)



The sequentiatiecisionframeavork

550-TC[a", WRE55(

450~TCla , WGI45Q

min{ TC[a", WRE55(),
TCla", WRE450}

min{ TC[a™ , WRE550,
TCla , WRE45(}

min{ TC[a", WGI55Q ,
TCla", WG145Q }

min{ TCla™ , WGI55Q,
TCla , WG145Q }

ExpectedCoskequential WRE=
p min{ TC[a", WRE550,
TC[a", WRE450} +
[1- p] min{ TC[a" , WRE550),
WR TCla , WRE450}

WG ExpectedCoskequential WGI]=
p min{ TC[a", WGI55(,
TCla", WGI45Q } +
[2- p] min{ TC[a , WGI55Q,
TCla , WGI45Q }

Theoneshotdecisionframework
TC[a", WRE55)

TCla , WRES5(
TCla", WRE45(
TCla , WRE45(

TCla*, WGI55Q

p TC[a*, WRE550 +
[1- p] TC[a , WRESS(

pTC[a*, WRE450 +
[1- p] TCla , WREA45(

pTCla*, WGI55Q +
[1- p] TCla , WGI55Q

pTCla*, WGI45Q +
[1- p] TCla , WGI45Q

ExpectedC0osbnesnof WRE=
min{p TC[a*, WRE550 +
[1- p] TC[a , WRE5S5(},
p TCla*, WRE450 +

WR [1- p] TC[a , WRE45(}

WG ExpectedCosbnesho{f WGI]=

min{p TC[a", WGI55Q +
[1- p] TC[a , WGI55Q},
p TC[a*, WGI45(Q +
[1- p] TC[a , WGI45Q}

Figure2: WRE vs. WGI decisionanalysis
Columnsreadfrom top to bottom. The optimal stratgy that minimisesexpectedtotal costis
computedusingthe algorithmof averaging-ouj-and-folding-backlThe little black squaresep-
resentnodesof the decisiontree underthe control of the decisionmaker, andlittle black discs
represenstochastimodes.More on dynamicprogrammingcanbe foundin (Bruceetal. 1996,

par 2.3.1,p. 62).



WRE

WGI

difference
WGI - WRE

Sequential Oneshot differenceoneshot — sequential

Expectedvalueof Futurelnforma-

EzpectedCost sequential(WRE) ExpectedCostoneshot(WRE) tion(WRE)

Expectedvalueof Futurelnforma-
EzxpectedCostsequentiai(WGI) EzpectedCostoneshot(WGI) tion(WGl)
OpportunityCostsequentiat(WGI) OpportunityCostoneshot(WGI)  OptionValue(WGI)

Tablel: OptionValueandconditionalExpectedvalueof Futurelnformation
This tableallows to readthe definition of (quasi-)optiorvalue (lower right) in two ways,either
asthedifferencein OpportunityCostsor asa differencein expectedvalueof futureinformation.
Sinceit representsosts(utility lossesandnot values(utility gains),we considerthedifference
oneshotminussequentialcontraryto (Fisher& Hanemanri987).

to whatneartermchoicea we considefWGI or W RE), | will noteit EVFI(«).
EVFI(a) = ExpectedCostoneshot () — Expected Costsequential () 2

Equation3 is a classicaldefinition of option value. It correspondgo the bot-
tom right cell in Table 1 , asthe differenceof the two cells to its left. By defi-
nition, OV (W GI) is positive whenever OpportunityCostonesno: (W GI) is greater
than OpportunityCostsequentiat (WGI). In this situation,corventionalcost-benefit
analysigsetin aoneshotframework) overestimaté? G I opportunitycost,whencom-
paredto thereal-world sequentiatiecisionframenork.

OV (WGI) = OpportunityCostoneshot (W GI)—OpportunityCostsequential (WGI)
3)
Equation4 is anotherdefinition of OV, which is equivalentto Equation3, asone
can seeby readingTable 1 row first insteadof columnsfirst. Fisher& Hanemann
(1990)statecthatequalityby saying

theoptionvalueis a conditionalvalueof information.
OV (WGI) = EVFI(WGI) — EVFI(WRE) 4

Finally, let us defineEquation5 therelative importanceof the optionvalue. Note
that this ratio  is not theoreticallylimited betweenzero and one, but cantake ary
value, positive or negative from zeroto infinity. This is relatedto the fact that the
expectedvalueof futureinformation,andthereforeoptionvalue,depend®nly uponto
thefuture benefitof flexibility, but not uponits neartermcost.

OV(a)

r= 5
OpportunityCost oneshot (@) ®)

In thisratio, the sign of the numeratoishavs which of thetwo irreversibility effectsis
larger. Thesignof thedenominatoshowvs which choicewould appeaoptimalin atra-
ditional (oneshot)costbenefitanalysidramenork. Wheneerr < 0, theirreversibility
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effectstendsto supportthe resultof the one shotanalysis. Whenr = 0, thereis no
optionvalue. For r in ]0, 1], the option valuedecreasethe advantageof the oneshot
analysisoptimal choiceit. At r = 1, the sequentiatlecisionmaker would be indiffer-
entbetweenthe two alternatvesWRE andWGiI. Its only whenr lies above one,that
thetwo decisionframavorkswould leadto choosinga differentneartermalternatve.

Although to date,option value hasplayeda centralrole in the literature,| may
conjecturehat EVFI(«) will turn outto be a moreoperationakconceptthan OV («)
for thefollowing five theoreticalandpracticalreasons.

1. The EVFI approachallows to give a quick proof of the irreversibility effect,
baseduponthe positvenesof EVFI'.

2. Empirically, Fisher& Hanemanr§1990)proposedomewaysto estimateEVFI(«).
This contrastsvith theconceptuadlifficultieswith estimatingOV usingEquation
3, paradoxicain theway that,asFavereau(1991)notes,

If theagentcancomputeit, thenhe doesnotneedit. If heneedst, he
cannotcompulteit.

3. Thewordsvalueof future informationmay be moreself explaining thanoption
valug andhaving a clearvocahulary could help economistdo deliver a clear
messagéeo policy makers. This is all the moreimportantthat the distinction
betweerpptionvaluesandquasi-optiorvaluess rathersubtle(Bruceetal. 1996,
par. 5.5.2).

4. A centralhypothesigo prove the positivenesof OV («) is that the resolution
of uncertaintiess independentf whatever choicehasbeenmadein first period.
The option value concepttendsto obscurethat hypothesisand hidesthe fact
thatit is the perspectie of learningnew informationthatis critical with regard
toirreversibility, notuncertaintiesn themseles.If we did notexpectto bebetter
informedtomorron?, therewould be no advantageto investin flexibility today
TheEVFI is explicit on all this: a choicea giving moreinformationwill leadto
ahigherEVFI(a).

5. Theoptionvalueis adifferenceandassuchit is only definedaslong asachoice
a is comparedto anotherirreversiblechoice 3. On the contrary EVFI(a) is
intrinsic, it dependsonly of the choicea being examined. This implies that
EVFI(«) canbe usedto comparesymmetricallyary numberof alternatves,

"By proving the irreversibility effect, we meanto shaw thatif analternatve « is irreversible,thenthe
optionvalueof the oppositealternatve is positive.

Let usassumehat, for example,the WRE450pathis infinitely costly In the framevork describechere,
if W RE is followed now, therewill be no otheralternatve in 2020thanto aim at 550 ppmv. This canbe
interpretedasresourcesxploitationin first period(i.e. W RE) is anirreversiblechoice(i.e. 450is no more
reachable)ln this caseno decisionwill be neededn 2020,andthereforefuture informationhasno value:
EVFI(W RE) is zero.

Mathematicallyif TC(a, W RE450) is large enoughthenEVFI(WRE) = 0 becausdor bothi we
have:

Ezpectedcost;(WRE) = pT'C(at, W RE550) + (1 — p)TC(a~, W RE550)

In this situation,OV (W GI) = EVFI(W GI), andsincewe know thatthe EVFI is alwayspositive, sois
optionvalue.

11



with no needto give a specialattentionto the irreversible one (if it exists).
This workaroundthe arbitrary pick up of a baselinereferencescenariowhich
is recognisedo be oneof the biggestmethodologicabifficulty for along term
issuesuchasclimatechange.

Let us now analysethe EVFI by making more explicit the costsandthe benefits
associatedvith climate changepolicies. Resultsof Figure 2 row ¢ with Equation2

imply:

EVFI(a) = min(ETC(&, a550), ETC(&, 2450) ) —Emin(TC(&, a550), TC(&, a450))

(6)
Now assumexplicitly that,for a givenemissiortrajectoryz, thetotal costis the sum
of deterministiareductioncostsandstochasticlimatechangampacts:

TC(a,z) = ReductionCost(z) + Impact(a, x) (7

The critical variablesfor the discussiorarethe future opportunitycosts(the costdif-

ferencebetweerthe450ppmvandthe 550 ppmvscenarioandbenefitytheadditional
avoidedclimatedamage).Thesefuture opportunitycostsC(«) areconditionalto the
neartermpolicy «. Formally, they aredefinedas:

C(a) =gef ReductionCost(a450) — ReductionCost(a550) (8)

Assumethatthe future opportunitybenefitsB dependsiot significantlyuponthe near
termpolicy a.. Thisapproximatioris madeto clarify theexposition,but is notessential
andwasnot usedin numericresultsshavn atthe endof this paper(Figure5b).

B =g4c5 Impact(a, a550) — Impact(a, a450) (9)
A few calculationsomittedhereallow to rewrite Equation6 in amorecompactorm:
EVFI(a) = min(EB, C(a)) — Emin(B, C()) (10)

This expressioncan be regardedas a function of C'(«), as plotted Figure 3. It
appearshat EVFI(a) > 0 whenever C(a) is within |B—, B*[, otherwiseit is zero.
Theeconomidnterpretatiorof thatis thefollowing: FuturebenefitsB of reachingthe
lower ceiling 450 ppmv s stochastic.Ex ante,beforeknowing the realisedvalue B~
or BT, comparingcostsandbenefitdeadsto threecases:

e If C(«) is lower than B—, thenwe canalreadydecidethat after «, it will be
interestingto aim at450 ppmv.

e If C(a) is greaterthan B* , thenwe canalreadydecidethatafter o, only 550
ppmvwill beinteresting.

8In the political agendachaotic progress climate changeissuemay suddenlyreceve a high priority
even without significantnew scientificfindings. Learningaboutpublic and private preferencesandabout
technicakhangemaybeasdecisve aslearningaboutheocean-atmosphedynamics.Indeed Mégie(1992)
recallsthatthe mostimportantpolicy measuresgainsthe holein the ozonelayerhave beenadoptedat the
time of greatestcientificuncertainties.
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EVFI

EVFI(WGI)

OV(WGI)

B- B cwal CWRE) B* C(a)

——p - > qa—
Always 450 Sequential deasion Always 550

Figure3: Valueof information
Figureshavs the expectedvalue of informationEVFI(«) asafunctionof the costC(a) com-
paredto the stochasticenefitsB. It is assumedherethat uncertaintyis multiplicative, thatis
Impact(a,z) = af(z). The EVFI is maximumwhenthe costexactly equalsthe expected

benefit: o _
C(a) =B = EVFIx =p(1 —p)B (11)

e Otherwise((a) iswithin theuncertaintyange andaftera wewill havetolearn
moreaboutbenefitsof climatechangemitigation B beforechoosinga ceiling.

In thefirst two casestheinformationon the level of climatedamagess uselessince
we know alreadyenoughto definethe optimal long term decision. It is only in the
third situationthat « is only the first stepof a sequentiadecisionstratgy andthat
informationhasa value.

3 Comparingenvironmental and investment irreversibil-
ities

As statedEquationd, the optionvalueherecanbe seenasthedifferenceEVFI(W GI)

minusEVFI(W RE). ConsequentlyFigure3 allows to represengraphicallyhow the
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C1

WGI

A B C
¢t =WRE
C<B- B~ <C<B* Bt <C
Br<ce Only 550
C<B” Only 450 Investment Two consistenviews

Irreversibility

Table2: Qualitatve analysisframewnork
This table is representhe possibleoutcomesof an a priori costbenefitanalysisof the two-
stageslecisionproblemwith uncertaintyrepresenteéfigure1l. TheassumptiorthatC' (W RE)
is greaterthanC (W GI) excludesAl, A2 andB1. In C2,for example,it canbesaidthatW GI
is moreflexible, sinceW RE is irreversible,andthusW GI optionvalueis positive.

signof the optionvalueis determinedThesituationdescribed-igure3 canbecharac-
terisedby threekey aspects:

1. From2020onwards,it will belesscostlyto achiere stabilisationat 450 ppmvif
aggressie policieshave beenstartedearly. It impliesthatthe pointcorrespond-
ing to W RE is locatedto the right of the point correspondingo WGT or that
C(WRE) > C(WGI).

2. The expecteddamageB lies nearthe left of the interval, closeto the low hy-
pothesisdamageB . This assessmerdf the subjectve probability p is based
uponthe a real concernamongstlimate scientistfor the possibility of climate
surprisesgventsof high consequencesith low probability.

3. Thedecisionmaking problemis always sequentialthatis both C(W RE) and
C(WGI) arewithin ] B~ , B[, sothatfor bothneartermalternatvesthe EVPI
is nonzero.

Thelasttwo pointscombinedmpliesthatC(W RE) andC (W GI) arelikely to lie
betweenB and B*. Combinedwith thefirst, they leadto the situationFigure 3, with
EVPI(WGI) abore EVPI(WRE). To the extendthat thesethreepointsaretypical, the
optionvalueof WG is typically positive.

Discussingthe third point leadsto examinethe differentpositionsof C(W RE)
andC(WGI) with respecto B~ and BT. Given(1.) this leadsto the six situations
describedrable2. Thistablecorrespondso Figure4, whichrepresent®V (W GI) in
theplane(C(WRE),C(WGI)).

In Figure4, onenoticeatfirst sightthefour flat squareareasn the corners.These
correspondo cornercellsAl, C1,A3 andC3in Table2, anddescribesituationsvhere

14



Figure4: Differenceof EVFI.
This figure shavs the OV (W GI), the option value of aggressie nearterm CO» emissionre-
ductions,in the plane (C(W GI),C(W RE)), seeFigure 3. The nine areascorrespondgo
Table2’s ninecells. By definition, C'(«) is the opportunitycostof reachingthe 450 ppmv CO-
concentratiorceiling if we follow thea: typeof trajectorybetweemow and2020. Futureoppok
tunity benefitsof reachingthe 450 ppmv ceilingare: B~ = 1 andB+ = 2, with a probability
p=20.3.
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uncertaintydoesnot matterat all, sothe optionvalueis zero. Evenif climatedamage
B is stochasticyve know alreadyenoughto decide.

Cell C3correspondso Bt < C(WRE) andC(WGI) < B~. Thefirstinequal-
ity meanghatif we choosetodayto delayCO, reductiongolicies,we know we will
choosein 2020the 550 ppmv concentratiortarget, whatever we learnaboutthe cli-
matedamage.The secondnequality aboutWGI, meanghatif we chooseaggressie
neartermreductionsthenwe will choosethe low concentratiorceiling in 2020. This
describes situationof mutually exclusive irreversibilities.

The ervironmentalirreversibility effect situationcorrespondgo cell C2 in Table
2 andto thefront hill in Figure4. This is the situationdescribedn footnotebefore,
wherewe assumedhat W RE could only leadto the 550 ppmy, and thereforewas
economicallyirreversible. In this situation,we seethat the option valueof WGI is
positive. Cell B3 correspondm thesameawayto theinvestmentrreversibility effect. In
thecentralareaof Figure4, correspondingo cell B2, the signof theoptionvalueis not
uniform. It describeghesituationin whichwe mayhaveto revisechoicesaccordingo
thenew informationin thefuture. In thatsituation,both ervironmentalandinvestment
irreversibilitieshave to be considered.| called this areadecisionundercontroversy
situationin referenceo (Hourcade Salles& Théry 1992).

To explorefurthertheissue,l usedanexplicit modelof CO-, emissionsaabatement
costsand climate damagesPIAM, in orderto geta dollar valuefor OV (WGI). |
specify Equation? usingfunctionalforms summarisedrigure’5. The mostimportant
economigarameterferearethediscountrater (4% peryr), themagnitudeof climate
damagesitdoubleCO, equivalentd,, (1.75%of GrossWorld Product)andaninertia
parameteD (50 years).

Thatlastparametedemandsnoreexplanation.Dimensionalanalysisof Equation
12 showvs that D is a duration. It canbe interpretedasthe characteristidgime of the
socioeconomicsystemproducingemissionreductionsa critical parametewhencon-
sideringthe irreversibility of a systemevolution. Following the EMF14 guidelinesset
by expertsurwey by Nordhaug1995),I considetthatin the high case pccurringwith a
probabilityp = 10%, climatedamagesre7.8timeshigherthanin thelow case.

Table 3 shaws the different parameterset examinedand correspondingesults.
Giventhe wide rangeof parametergxploredhere, it is not surprisingto find a wide
rangefor optionvalues.Let usbeagin by explainingthe centralcaseA.

e The opportunitycostof WGI appeardo be positive in both the one shotand
the sequentiaframework. This meansthatthe W RE appeardesscostly than
WGI.

¢ |t appearghatthe costis smallerin a sequentiaframeawvork: the option value
OV (WGI) is positive but not large enoughto reversethe decisionin a binary
choicesituation.

¢ Quantitatvely, the opportunitycostof WG1I, evaluatedat 0.5% of 1990 GWP
in the oneshotframework, is dividedin two in the sequentiadecisionmaking
framawork. This meanghatthe optionvalueis about0.25%o0f 1990GWP
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Figure5: DIAM modelof explicit reductioncostandclimatedamages
Following Ha-Duong,Grubb& Hourcadg1997),reductioncostsandclimate damagesredis-
countedusingasocialrisk-freerater (4%). They aredefinedfor anemissiorreductionpathway
thatabatethefractionz(t) of thelS92areferencescenariaE, . ¢(t), sothatactualemissiorievel
atdatet is: gres(t)(1 — z(t)).

ReductiorcostsaredeterminedEquationl1) by atechnicaprogressater (1%)andacharacter
istic time of enegy systemsD (50years).Thecostsscalec, (D) is normalisedc, (50) = 1.36,

¢4 (20) = 3.18) sothattotal costis comparableéo DICEsone(Nordhausl994).

Climate damagesare determined(Equation12) by a linear function of laggedconcentration
M;_, usinga climatic inertialag L = 30 years.Damagesresetto be zeroin to = 1997, so

My = Migsr (314ppmv),andincreasingat arateof s = 1% peryear(to capturetheideathat
damagesdncreasewith, but notasfastas,globalwealth).

The referencecalibrationlevel for damagesds setat d2, = 1.75% of GrossWorld Product
(GWP),for adoublingof CO» equivalentconcentratiom/», = 486 ppmv

Equation13 definesCO» concentratiorat datet, usinga linear perturbatiormodel. Reference
concentratiorpath M,.s(t) is computedfrom 1S92atotal carbonemissions. R(u) is the at-

mosphericresponsédunction, and the 0.471 factor corverts emissionsn GtC to atmospheric
concentrationgn ppmv
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Parameters Results
at plat) D dyy p EVFI(WGI) EVFI(WRE) OV (WGI) (OVS%’E)’M (ngg‘}“)e"”“l r
78 0.1 50 1.75 0.04 A 2.89 2.64 0.25 0.51 0.26 50%
- - 20 - - B 2.82 3.12 -0.30 -0.56 -0.26 54%
- - 200 - - C 2.94 2.31 0.63 1.24 0.61 21%
- - - - 0.05 D 0.61 0.14 0.47 2.12 1.66 22%
- - - - 0.03 E 0.00 9.35 -9.35 -13.3 -3.99 70%
- - - 250 - F 3.07 4.69 -1.63 -2.41 -0.79 67%
- - - 1.04 - G 1.29 0.70 0.59 1.84 1.24 32%
3.9 - - - - H 0.91 0.24 0.67 1.27 0.60 53%
- 0.5 - - - I 2.79 7.69 -4.89 -10.9 -6.05 45%
- 0.02 - - - J 0.58 0.53 0.05 1.57 1.52 3%
-. sameascaseA

Table3: Sensitvity analysisof WGI optionvalue.
Parametersdiscountrater ; overall magnitudeof climatedamagesds,, ; socioeconomidnertia
D andmagnitudeof damagedn thehighhypothesis* with probabilityp (low damagea™ = 1

everywhere).

Results:expectedvaluesof future information EVFI, the option value OV andr, andpresent
opportunitycostOC' . Thesearein % of GrossWorld Productexceptr whichis arelative value

asdefinedEquation5.
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Thisresultshavsthattheoptionvalueis in thesameorderof magnitudeasopportunity
costs.If | take 20.10'2$ asanindicatorof 1990GWP optionvalueis about50 billion
dollars. This figureis comparableo expectedvaluesof preseninformation(EVPI) in
(Manne& Richels1992,p. 85),and(Nordhaus& Propp1997).

Thefactthatoptionvalueis significantcomparedo opportunitycostsis confirmed
by sensitvity testsB to J: Opportunitycostsin the sequentiahndoneshotframeavorks
do differ significantlyacrossrangeof parameterstudiedhere,with r = 20% to 70%
(exceptfor thelow uncertaintycasep = 0.02).

The option value for WG is positive only in six casesout of ten. Explaining
this givesthe key intuition on the sign of option value. As definedEquationl, the
opportunitycostof WG is the differenceof total expectedcostbetweenW GI and
WRE. Thusits absolutevalue |OC;(WGI)| canbe regardedas the costof a non
optimalneartermchoice,or thecostof error. Obsene thenthatfor all tenscenarios:

|OCsequential (WGI)l < |OConeshot (WGI)l

With this in mind, Table 3 shavs thatthe sign of the option valuecorrespondso the
ideathat adaptabilitytendsto decreasehe nearterm stales: in sequentialdecision
making,the costof errorsis alwayslower thanin the oneshotframework.

Two otherresultsappearfrom thetable. First, all parametersetexploredherebut
onedescribethe decisionundercontroversysituation(cell B2 in Table 2), sincethe
EVFI is nonzeroexceptin the E case.This is notasmucharesultthana checkthat
the valuesof parametergxploredhereareconsistentvith the moregeneralview that
sequentiatiecisionmatters.

Second;r is never above one, which meansthat quasioption value alonewould
not justify a changein the optimal nearterm choice. This doesnot really wealen
our centralresulton the importanceof the option value, asit is obviously a direct
consequencef thebinary-choicedecisionframewnork usedhere.

Figure 6 represent§able 3 results. It allows to understandhow option valuede-
pendsuponparameterd, r, p andds,. Pointsrepresentindable3 resultsareplotted
overatop view of Figure4 centralarea.All variationscanbe explained:

Whenthe characteristidime of socio economicsystemD increasedrom 20 to
200 years,the point movesto the right from B to C. This meansthat higherinertia
D significantlyincreaseshe costsof goingto 450 ppmvif we startby following the
WRE path, but haslittle effect if we follow WGI. This is becauseéhigherinertia D
makesadjustment®f theeconomicsystemmorecostly, afactrepresenteth Equation
12 by D?(x; — x;_1). If we starton a W RE type of trajectory thenthe costsof
switching later to a strict concentratiorceiling as 450 ppmv are mainly adjustment
costs,directly sensitve to theinertiaD. Onthe otherhand,if we startof a WGI-like
pathway, the adjustmentostsarenot sosignificant,soC(WGI) is not sosensitve to
D.

Lower discountrateor higherclimatedamage$ave the sameeffect: bothpointsE
andF areto thebottomleft of A. Thiscoincidencecouldhave beenexpectedgiventhat
damage®occurfarin the future. The directionin which pointsmove is alsointuitive.
Giventhatwe projecttheresultsover a backgroundvherethedamagesemainsfixed,
anincreasaén damagess graphicallyrepresentedsa decreasén reductioncosts.
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C( VRE)

Figure6: Empirical explorationof the mostflexible choice.
Theoptionvalueis representethy grey shadesindcontourlines. Pointsin clearerareasepre-
sentsparametersetwhich leadto positive option valuefor early emissioncontrol. This figure
correspondgo atop view of Figure4, magnifiedover centralarea.Methodology:In thegraphics
backgroundprobability for high damagess p = 0.1. ThevariousC(«) and B(a) have been
computedor eachline of Table3. Thenthe point (C(WRE), C(WGI)) was projecteduponthe
backgroundisingthe piecavise linearfunctionmapping{0, B~, B, B™ } onto{0, 1, 1.1,2}.
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Thel case(high p) andJ case(low p) illustratesEquation1l. NotethatcaseC3
wasnot illustrated. This may be becausdhereis no parameteto representnduced
technicalchangen the model. Inducedtechnicalchangehasa direct effect on option
value,sinceit decreasehe costof the long term environmentalpreseration (550) if
andonly if preserationactionoccurin thefirst period(a = WGI). Figure6, it moves
the point to the South. To date,thatcritical aspeconly beginsto appeaiin integrated
assessmemhodels,andit is not unrelatedo dependankearning.

4 Conclusions

This paperdid not explore the effectsof risk aversionanddependantearning. It out-
lined a methodologyto computea quasi-optiorvaluefor ervironmentpreserationin
theclimatechangessue by comparingstrat@iesinvolving aggressie nearterm CO-
emissionsabatementvith moremoderatestratgies.

The option valuewas definedasthe variation of the expectedvalue of future in-
formationbetweerthesetwo stratgies. This allowedto examinequalitatively (Table
2) aswell asnumerically(Table 3) the balancebetweenervironmentalirreversibility
andinvestmenirreversibility; andto evaluatewhetherthe netirreversibility effect is
significant.

The first resultis thatin the centralcaseandfor the majority of the parameters
valuesexploredhere,the option valueof early abatements positive, thatis the ervi-
ronnementairreversibility effect dominates.

This supportgheview thatthereis alarge benefitin purchasingnsuranceagainst
climatechangeby earlyactionto mitigategreenhousgasesmissions.

More generally numericalexperimentsfound a positive option value for WGI
whenW RE wasthe leastcostchoiceandvice versa. This supportshe view thatthe
effectof futureadaptabilityis to decreasethe costof errorsin neartermchoices.This
balancedesultis not surprising,given that wide uncertaintiegemainwith respecto
therelativereductionmitigationandclimatedamageostsandsubjectie probabilities.

The secondresultis that quasi-optionvalueis very significant,about50% of the
cost. That was confirmedby all sensitvity testscarriedout. Evenif, framing the
decisionasa binary choicesituation,the optimalneartermchoicewasfoundto bethe
samefor sequentiabr oneshotframawork, it remainsthatthe opportunitycostof the
alternatve actionis dividedby afactortwo in thesequentiatase.

This quantificationof the magnitudeof optionvaluemaybearelatively new result.
| look forwardto extendthatanalysisasthe discretechoicesdecision-makingrame-
work outlinedhereis rathergenerabndcouldbeusedwith otherintegratedassessment
models.It hasbeenwidely saidthatuncertaintiesandirreversibilitiesshouldhave im-
portanteffectson policy choices(seefor example(Int 1997)). Theseresultsconfirm
empirically that preservingflexibility is a policy objectve to be ranked equally with
theminimisationof reductioncostsandthe mitigation of climatedamages.
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