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Abstract

This paperdistinguishegelative risk aversionandresistanceo intertemporal
substitutionin climate risk modeling. Stochasticrecursve preferencesre in-
troducedin a stylized numericclimate-economynodelusing preliminary IPCC
1998 scenarios.lt shavs that higherrisk aversionincreaseshe optimal carbon
tax. Higherresistanceo intertemporakubstitutionalonehasthe sameeffect as
increasingthe discountrate, provided that the risk is not too large. We discuss
implicationsof thesefindingsfor the debateupondiscountingandsustainability
underuncertainty

Key Words: recursve utility, risk, discounting sustainabilityclimate

Résuné

Cetexte étudiela difféerenceentrel’aversionrelative aurisqueet la résistancex
la substitutionintertemporelledansla modelisationdu risqueclimatique. Les
préferencesrécursies stochastiquesont utiliseesdansun mocdele numérique
stylisé utilisant les seénariospréliminairesGIEC 1998 sur I’ @conomieet le cli-
mat. On montre qu’une aversionau risque plus forte conduit a augmenteie
niveauoptimaldetaxationdel’ énepgie. Augmenteta résistance la substitution
intertemporelleale mémeeffet qu'augmentete tauxd’actualisationtantquele
risquen’estpastrop grand. Nousdiscutondesimplicationsde cesrésultatpour
le debatsurl'actualisationetla durabilite sousincertitude.

Motsclés: utilité récursie, risque,actualisationdurabilite, climat

JEL: Q20,D81,D90,H43
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Non-technicalabstract

In this paperwe proposea modelingframework to analyserisky andintergen-
erationalissues.We thenapplyit to theissueof climatechange.This framework
is stochastigecursve utility. It allowsto represenébroaderangeof preferences
thanwhatis usuallyfoundin thelitterature.

The structureof the paperis the following. The one-pagéntroductionframe
theissue. It requiresa graduateevel in economictheoryto be read. Section
two presentsan ultra-long period model of the climate risk namedULTRAL.
Sectionthree presentghe calibration of the model, wherewe discussnumeric
values. Sectionfour presentsand discussthe results. Sectionfive concludes.
The appendixdefinesthe modelanddataused. Lastly, thereis thelist of the 35
references.

Thetool usedin this paper stochastiaecursve utility, appearedn economic
theory abouttwenty yearsago. To our knowledge,it hasnot beenpreviously
usedin integratedassessmemhodeling. Onthetheoreticakide,it allow to putin
perspeciie thedebateon discountingunderuncertainty

Policy interpretation®f theresultsshouldbeconductedvith extremecaresince
this morea methodologicapaper The simplestinsightis thatthe assumptiorof
a positive expectedclimate damages not neededo inducesomeactionnow. In
this model, climatechanges beneficialnine timesout of ten, neverthelesghere
is someprecautionargbatement.

In asequentiatlecisiormakingprocesstheinitial level of abatemenwasfound
to besensitve thedateof policy revision. Theearlieris policy revisionscheduled,
theloweris initial carbontax level.

The model also show that larger risk aversionstrengthengptimal pollution
control and that previous works possiblyunderestimatethe sensitvity of their
resultsto the shapeof the utility function.
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1. INTRODUCTION

This paperis motivatedby two importanteconomicaspect®f climatechange
economicsintergenerationagquityandrisk. A classicwayto introducerisk is to
consideranutility functionwith constantelative risk aversionry, suchas:

=

u(c) (1)
A classicway to introducethe issueof intergenerationaéquity is to consideran
intertemporabbjective functionsuchas:

1

flensen) = (e +l(1—m)ch )™ @

wherel representpopulationandc consumptiorievels,see[2, 19, 30].

Thispaperfocuseon~ andonthetwo parametersf theintertemporabbjective
function function: 7, the discountrate for the secondtime period, and p, the
resistancéo intertemporabubstitution.

The simplestpossiblemodel known to integratethesethree parametersnay
be stochastiaecursve utility, initially introducedby KrepsandPorteuq18]. To
our knowledge ,all previously publishedmodelsof the climaterisk literatureuse
simplerutility functionsrestrictedto p = v [24, 20, 16]. This situationhasleft
openasetof questionwe proposeo examine.

Fromatheoreticapointof view, letusfirstremindthatresistancéo substitution
p controlsthe attitudetoward variationsin consumptioracrosstime, undercer
tainty. Ontheotherhand risk aversiorry controlstheattitudetowardvariationsin
consumptioracrossstateof theworld, atagivendate.Sotherestrictionp = «y is
suspicioussinceit links two conceptuallydifferentaspectsf preferenceswe will
examinewhetherthereis empirical evidenceand economicrationaleto support
this constraintor whetherit is anunfortunatesequelbf expectedutility models.

Fromatechnicalpoint of view, this restrictionis particularlyinadequatevhen
analyzingthe questionof equity underuncertainty It preventsfrom considering
plausiblesituationswheresocietyhashigh risk aversiontogetherwith low resis-
tanceto substitutionor vice versa. Anotherdirectconsequences thatthe effect
of resistancéo substitutiorandrisk aversioncannotbe corvenientlyinvestigated:
A changen thecurvaturein the utility functiondoesnot permitanunambiguous
interpretatiorsincetheresistanceo substitutionandrisk aversionmove together
Wewill examinetheeffectof risk aversiononoptimalclimatepolicy andtheeffect
of resistanceo substitutionon sustainability

Sectiontwo presentanultra-longperiodmodelnamedJLTRAL. Sectiorthree
presentshe calibrationof the model,wherewe discussnumericvaluesfor p and
~. Sectionfour presentghe results,wherewe study the sensitvity of optimal
control stratgiesto specification®of the utility function,to uncertaintyandto a
sustainabilityconstraint.Sectionfive concludes.
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2. MODEL

The ULTRAL modelis a stylized ultra-long period classicalmacroeconomic
model, stochastiovith a recursve utility function, whereclimate changedueto
C 0O, accumulatioraffectsproductvity andtheefficiengy of investment.Thetime
stepis 30years.Therearefour datest startingfrom 1990,thereforethreeperiods
representingurrentnext andfuturegenerationsT herearetwo stateof theworld,
H andL, referredto by theindex i.

The modelis codedin GAMS and solved using nonlinearoptimizationwith
MINOS or CONOPT In this section,we will discusshe equationof ULTRAL.
For conveniencethey are presentedll togetherin theanne. Equationscanbe
divided into threeblocks. Thefirst block A.1-A.5 describe<lassicaleconomic
growth with a naturalresourcg33]. The secondblock A.6—A.9 computesCO-
accumulation,concentrationtemperaturéncreaseand climatic damages. The
third block A.10—A.11describegpreferences.

2.1. Climate-economy

The macroeconomidlock is built arounda capital-laborenegy production
function. Population/, is exogenous.All variablessuchascapital K; ¢, enegy
input E; , andproductionY; ; arepercapita. Technicalprogress; is exogenous.
Productvity decreasesvith global warming througha multiplier F; ;. Capital
depreciatesand is renaved accordingto a fixed saving rate s; asdescribedn
equationA.4.

The control variable X; ; is a multiplier to the costof the enegy input. Ex-
ante thereferencecostof enegy is p;. Theamountof enegy input E; ; entering
the productionfunction dependsiponp, X ; its ex-postcost. Broadly speaking,
X1 — listhepercentagef enegy tax overthereferenceprice. It is constrained
to bepositive.

The modelruns a cost-benefitanalysis. The costof control is computedas
follows. At periodt, capital K; ; is fixed from the previous period’s investment.
Productvity a; andpopulation; areexogenousEquationsA.3 (discussedbelow)
andA.1 togetherdetermineproductionY; ; andenegy E; ;. ConsumptionC; ;
andinvestmenfollow sincethe saving rateis fixed. Economicactvity decreases
with Xi,t-

SolvingY; ; and E; ; equationsyields:

k

1 1 —e
Yie/Y' = (ap, ©) 7 F (Ko K) ™ X, ° ©)

1 kL
Ei/E' = (a1F;4/p) ™ (Kit/ K1) ™ X" 4)

wheresuperscriptegarameter¥ andE! denotex-antefirst periodvaluesand
whereK] is fixed. Notethatfor valuesof e muchsmallerthanunity, production
Y; + is muchlesselasticthanenegy E; ; to changesn enegy costX;; ;. Assuming
for examplet = 1, F1; = 1 and1 — e = 1 in the above equationsthenenegy
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TABLE 1.

Reductioncostcurwe in first period.

X1, —1 0 10% 50% 100% 200%
AE;; 0 -9% -24% -51% -68%
AYy; 0 -0.4% -1.7% -2.8% -4.5%

consumption; ; is inverselyproportionalto thetax X ;, while outputY; ; only
decreaseasX, ;. Thecorrespondingeductioncostcurveis numericallyshovn
in Tablel.

EquationA.3 stemamplicitly from abehavioral assumptionthe enegy sector
maximizesits profit blindly, in a sequencef static equilibria. Due to this as-
sumptionthemodelcanbe seenasatwo-stageoptimizationstructure:economic
agentsoptimize within a 30-yearshorizon,and only the centralplannerhasan
intergenerationagpointof view. Giventhatthepriceof outputis 1 andthepriceof
enepy is p; X; ¢, this assumptiorof intragenerationahgentoptimizationimplies
awell-known Cobb-Douglasunction property that:

Yie  _ .
pe X Bt

This correspondso equationA.3. The shareof enegy e disappeabecauseahe
equationat datet is scaledwith theequationat datel. NotethatequationA.1 is
alsoscaledhisway. Adjustmentcostskick-in to decreaseonsumptiowhenX; ,
increasesasterthan2% peryear, thatis 1.81perperiod. Thisis equationA.5.
Finally, the modelrepresentshe sequentialityof the decisionmakingprocess
for climatepolicies. It is known from the startthatthe policy computednitially
will berevisedatdatet = Tr. Thisiswhy all variablesareindexedby the stateof
theworld ¢ andthereis aconstraintX s ; = Xy, for t < Tr. Thisis astochastic
dynamicprogrammingtechniquewhich would not be neededf the conceptof
“time unfolding on a stochastidree” washbuilt in the modelinglanguages.This
sophisticationwill only be importantwhen we analyzeuncertaintyin the last
subsectiors.3,sincebeforewe will assumeél’y = 4.

Thebenefitsof reducingemissionsaarecomputedasfollows. The carboncycle
centralvariableis a simplenon-contraversialindex usedby scientistsaandpolicy-
malkers: globalcumulatve fossil andindustrialcarbonemissionsince1990. Let
M; + bethisindex computedby equationA.6 in GtC.

ULTRAL usesablack-boxinearrepresentatiohasediponsevenmajormodels
describedn [8]. At eachperiod,thesemodelsassociat&€'O, concentratiorevels
N; ¢ with M; ;. Alinearrelationshipvasestimatedisingleast-sgareinterpolation
to determinen anda;} in equationA.7. EquationA.6 computes\; ; from N; ;
usingthesdinearcoeficients.
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TemperatureéncreaseD;; is estimatedin equationA.8 using a 2.5-degyrees
increasefor a doubling of pre-industrialconcentration. The 275 ppm number
representpre-industrialevelsof CO- in theatmosphere.

EquationA.9 representtheeconanic effectsof climatechange F; ; asanoverall
mean-preservingroductivity jump. It canbeinterpretechsanextremeirreversite
event,occurringatdateT’s, which changesheglobal climatic conditionsin such
away thata major partof the capitalandtechnologicaktockhasto bereplaced.
To accountfor the possibility of adaptatiorandpublishedimpactestimateg22],
the expectedvalue of the productiity jump is zero: beforeTg, the model sets
F; = 1. At agivendateT, productvity dropspermanentlya lot with a small
probability = (stateH), or increases little with alarge probability 1 — # (state
L). Themagnitudeof thefall dependsjuadraticallyjupontemperaturehange.

2.2. Recursive utility

We now describethe representationf preferencesvith recursve utility. The
motivationis to separatattitudetowardsintertemporakubstitutionfrom attitude
towardsrisk.

Koopmangresentednearlyaxiomaticdeductia of recusive prefeenceg17].
He wrote U; = f(¢, Upr1) andcalled f the aggreyator function. Krepsand
Porteuqd18] generalizedhis structureto stochastianodels:

Uy = f(ct,wi(Uis))

wherew; is the certaintyequivalentof future utility evaluatedwith information
availableat datet. Let it be computedusingv(.), a von Neuman-Mogenstern
utility function:

wi(Z) = v (Ev(2))

This classof preferenceseparatesisk aversion— tied to the certaintyequva-
lencefunctionw or v — from intertemporabkubstitution— tied to the aggreyator
function f. Interestingly they satisfythe propertiesof intertemporakonsisteng
andstationarityof preferences.

The specificationof f andw is not unique. Definef(c, y) = v(f(c,v™(y)))

andﬁt(.) = v(U(.)). Thenl, = f(ct, Etﬁt+1) definethe samepreferenceas
before.
Herewe follow EpsteinandZin [10] andtake f andw; isoelastic:

fley) = (ac ™ + By —r)™7 (5)
w(@) = (Ea~)™7 (©)
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Threepositive parameter$s, «, andp characterizehe preferences.The p in
the aggreyator function is the constantresistanceo intertemporalsubstitution.
The parametety is the Arrow-Prattconstantelative risk aversion. The 3 is next
periods felicity discountfactor Sinceit is known thatisoelasticfunctionstend
continuouslytowardthelogarithmwhenp or -y tendtowardsunity, we will simply
ignorethecasegp = 1 ory = 1.

It is possibleto choosen accordingto the units of consumptiorandutility. In
oneequationtherecursve preferencei themodelare:

1—p

U™ = (1= pa ™"+ BED) ()

As usualin theliterature,« is setto 1 — 5. In orderto explaintheassumptions
underlyingthis equality let § be the expectedgrowth of utility beyond the last
period,thatis Us = (1 + §)Us. Thenequation? is equivalentto:

ales/U2) 0 = 1= BIEQ +9)' ] ®

Theequalitya = 1 — g arisesfrom the two following conditions: Uy = ¢4
togethemwith § = 0. Thefirst conditionis numericallyimportant. Our experience
shaws thatmostotherformulationsfor o leadto non-corvergencevhensolving
for variousg, v andp. The secondconditionis a first approximatiorpotentially
leadingto mathematicgbroblemswith azem utility discountrate,asg = 1implies
a = 0. Divergenceunderassumption®f zerogrowth and zero discountingis
normalsincerecursve preferencegeneralizeglassicaintertemporaditility. So,
theproblemdisappear# eithersomegrowthisassumeadr, ashere utility discount
ratenevergoesto zero.

As shavn equationA.10, the certainty equivalentof next generationutility
wi (Upy1) isexplicitly representetly thestatevariableV; definedoy equatiomA. 11.
In thatequation,thet = 4 caseis the final conditionintroducedabove, where
consumptiorevel ¢; is notcomputedxplicitly, butapproximatedby c4 % where
K isitself takenfrom equationA.4.

Finally, the guidelineto introducepopulationl; wasto retrieve, in the special
casep = v, thestandardntertemporakxpectedutility model:

_1
WU = [(1 = B) (L, + B Y LB e 01"

J
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3. CALIBRA TION
3.1. Preferences

We now turn to the calibrationof stochasticecursve utility functions. The
utility discountrateis setat 1% peryearin the basecase.Values0, 0.5and2%
peryearwill alsobediscussedThisrangeof valuesistypicalin theliterature,see
for examplePortng/ andWeyant[30].

The othertwo parameterg andy needmorediscussion.

Firstof all, thegoldenrule of optimaleconomiayrowth givesatheoreticaway
for estimatingp, givenn, n, g andrealrisk-freemaiginal productiity of capital
r. Letit bequickly reminded. Assumingin equation2 thatc, = (1 + g)c¢; and
lo = (1 + n)ly, andthatg, n andn aresmall, the maminal rate of substitution
betweerfutureandpresentonsumptioris:

MRSz/1=%%1+n—n+pg, 9)
It followsfrom thefirst optimality condition1 +r = MRS, ; thatr = n—n+ pg.

Decreasingheannualutility discountraten canbecompensatedith ahigherp.
With = 0, giveng in the1 to 2 percenperyearrange annualglobalpopulation
growth n betweeri and1.5,andr in betweer and6 percentperyear this gives
p in the 2 to 7.5 range. But thesecalculationsare subjectto controversies. For
example,Cline [7] considersa wedgeof market distortionreducingr by 50%,
whereasNordhaus[26] statesthat he doesnot seehow anyone could corvince
himselfthatr is belowv 6%.

FollowingtheseminaKrepsandPateuws’ papei[18], anotheinterestinghoudht
experimentis to compareutility if (¢) uncertaintyis resohedat period3 to utility
if (4¢) uncertaintyis resohedatperiod2:

, 1p_ _1-p 1-p orp sl -y T2
(@) Uy P=ac; " +afcy, "+ p°[EE ]
1—p
11—y 1=

(i) Uy’ =ac *+p8|Elac; "+ pe *)']

It canbe shown thatearly information (¢¢) is preferredif andonly if v > p. In
this senseassumindhatsocietyexhibit atastefor earlyinformation(or adistaste
for late information)would limit the rangeof plausiblevaluesfor p and~y. The
usualintertemporallyadditive expectedutility model,correspondingo p = 7, is
equialentto assumingndifferenceto thetiming of uncertaintyresolution.

Researclon saving andportfolio behaior analysisdervedempiricalestimates
of v andp directly. In aseminalpaperHall [14] estimatedherespons®f saszing
to therealinterestrate thatis theelasticityof intertemporasubstitution(1/p). All
estimatepresentedy Hall reportsmall elasticity of substitutionthat may well
be zero. OgakiandReinhart{28] arguedthatHall's modelwasmisspecifiecand
found estimate®f resistancéo substitutiorp thatvary betweer2.2and3.1.
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Another importantissuewith currentp and~ parametrisatioris the equity
premiumpuzzleasexposedby MehraandPrescotf21]. Mehra-PrescotindHall
modelshave beencriticized on the groundthatthey fail to separateesistanceo
substitutionfrom risk aversion.In doingso, EpsteinandZin [11] foundestimates
for p thatvary betweenl.2 and5 andestimatedor + that vary betweer0.8 and
1.3. Usinga similar approachNormandinand Saint-Amour[27] estimatedor p
and- arein therangeof 1.5. It is alsonoticeablehatthey acceptedhe hypothesis
p = v while Epstein-Zinrejectedthe expectedutility model.

In anexperimentaframenork, Barsky, JusteyKimball andShapird4] reported
estimate®f eachparametebasedon individual response$o hypotheticalsitua-
tions. They found high heterogeneityamongindividuals. A striking resultsof
their studyis thatrisk aversionandresistanceo substitutionarenot correlatecdat
all acrossndividuals.

We found no decisve empiricalevidenceeitherto rejector to accepintertem-
poral expectedmodels(p = «) norto choosesomespecificvaluesfor p and-.
Arrow [1] reportsthat1.5isthecurrentlyavailablebest-guesr bothparameters.
ULTRAL usesvaluesin the0.6to 4 interval, with emphasisipon1.3and2.0.

3.2. Socio-economiccenarios

The socio-economi@arametersre calibratedusing preliminary Intergovern-
mentalPanelon Climate Changel998 Scenariosseethe annex. Therearefour
scenariosAl, A2, B1 andB2. Eachscenarioproposesa particularfuture. It is
importantto stresshatthesescenario@renon-mitigationscenariosvith respect
to climatechange.

AccordingtothelPCCdatadistribution centerscenaricA1 representaworld of
veryrapideconomiagrowth, low populationgrowth andrapidintroductionof new
andmoreefficienttechnology In thisworld, peoplepursuepersonalvealthrather
thanernvironmentalquality. ScenaricA2 describes world with high population
growth with lessconcerrfor rapideconomiadevelopment.ScenaridB1 accounts
for dematerializatiorandfor theintroductionof cleantechnologiesScenarid32
describesaworld in whichtheemphasiss onlocal solutionsto economicsocial,
andervironmentalsustainability

Parameterslisplayedin the anne correspondo the Al scenario.Spacecon-
straintspreventusfrom reportingthe four parameterset,but all numericsimula-
tions wereconductecbn all four scenarios.As canbe seenon Figure 1 panela,
future carbonemissiongrofilesspanalargeinterval.

Population; andcarboncontentof enegy x; aredravn from IPCCscenarios.
Productionand capital parametersre basedupon order of magnitudesusually
acceptedn theoreticalkndempiricalliterature. The saving ratiois s; = 0.25 for
all t. In theproductionfunction,the shareof laboris 0.6, andthe shareof enegy
is abouttentimessmallerthanfor capital,thatis £ = 0.36 ande = 0.04. The
reductioncostcurvein periodl implicit to thisis shovn in Tablel.
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The ex-antelevels of productionY'* andenegy E*' correspondo X;; = 1
andaregivenparametersTheinitial level of capital K; is setatthreetimesY®.
Finally, capital depreciationfactor ; and investmentaccumulatiorw are based
upona 5% annualdepreciatiorrate.

Calibrationof a; andp; wasdoneasfollows. ControlX; ; anddamageF; ; were
setto unity, i.e.ignored. Thisallowedto computevaluesfor baselineenegy costs
p+ by usingscenariosaluesfor Y; ; andE; ; in equationA.3. Thencoeficientsfor
technicaprogress; werecomputedy solvingequation®\.3andA.1recursvely.
Theeffectof thiscalibrationis thatwhenthereis noclimatedamagegrowth tracks
the mark-upscenaridrom IPCC.

Thereis a 5% probability that one degreeof warming causesa 10% drop in
productvity. Thatcanberelatedto theEMF 14 uncertaintysubgroupmodelcom-
parisonframedin [25]. Thatnotesuggestedyith a5% probability, to multiply the
damagédunctionby 7.8. In thisframeavork the 10%dropis equivalentto a1.28%
unitary damagecoeficient, which s in line with valuesusedin theliterature[5].
In themodel,adding3.5degreedo theclimatetemperatursensitvity would have
the sameeffect asmultiplying economicdamagesensitvity by a factorof about
5.8.

3.3. Baselineoptimal control

As a referenceoptimal control scenariowe considerthep = 1.3, v = 1.3
utility function. Policy revisionandclimateeventoccursatthesameperiodTg =
Tr = 4, for zeroexpectedclimatedamage.

Panelb of Figurel displaysthe optimal CO, emissiondevelswith ULTRAL
in eachof the four IPCC markupscenarios. For eachscenario,emissionsise
very slowly duringfirst period,until 2020. Thenthe emissionf eachscenario
stronglydiverge. In scenaridB1 for instancethereis a stabilizationof emissions
around8 GtC,while in scenaridA2 emissionsncreasesharplyfrom 5 GtCin 2020
to 16 GtCin 2050. Theseresultsbearnoimplicationsfor thetiming debategiven
the coarse30-yeartime step.

Thepanek of thesamerigurel presentandherview of thesameaesultswhere
the vertical axis shavs optimal control level X 4, i.e. the enepy tax, insteadof
carbonemissionsThehorizontaltime scalegoesonly to 2050,since X, ; equals
X3,; by assumption.

Boththecarbontax andtheoveralllevel of emissionsarehigherin scenaricA2
thanin ary otherscenariosn 1990and2020. Note howeverthatthisis nolonger
truein 2050. Thereis highercontrolin 2050for scenaricAl thanfor scenario
A2. This canberelatedto the growth effect: per capitaproductionis very high
in scenaricAl, theeconomyexpandsat an averagerate of aboutthreepercento
2080. As aconsequencénvestmentn controlwill berelatively lesscostlyin the
longrunin scenaricAl.
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FIG. 1. ULTRAL referenceprofiles. Panela Baselinecarbonemissionsaccordingto IPCC
preliminary 1998 scenarios.Panelb Optimal carbonemissionswith p = 1.3 andy = 1.3 utility
function. Panelc Correspondingptimalcontrol X,
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FIG. 2. Optimalcontrol(enegy costmultiplier Xt*AQ) for varyingrelatie risk aversionry, given
constanp = 1.3.

Xt
3,

4. RESULTS

4.1. Sensitvity to utility function coefficients

In this section,we examinethe sensitvity of the optimal control profile to the
threeparametersf the socialplanners preferences, p andg.

Whatis the effect of risk aversionon the optimal climatepolicy? Somestud-
ies [6] found thatrisk aversionwarrantsaggressie abatementctionwhile an-
other[24] did notfind alargeeffect of risk aversionin his sensitvity analysis.A
problemis thattheseresultsare ambiguoussincethey arebasedupona change
in the curvatureof the utility functionrepresentindpothresistanceo substitution
andrisk aversion.

Theisolatedeffectof risk aversionwasfirst investigatedn theliteratureon sav-
ings underuncertainty Selden[31] andWeil [34] usedrecursve preferenceso
shaw thatoptimalprecautionargavingstendsto bedeterminedolelyby theelas-
ticity of intertemporabubstitutiorandnotby therisk aversionparameterSimilar
resultswerealsofoundin theliteratureof dynamicresourcananagemerftl5, 9].

Figure2 displaysheeffectof relativerisk aversionontheoptimalclimatepolicy
in scenaricA2. We considery varyingfrom 0.5to 4. Relativerisk aversionleads
unambiguouslyto anincreasen the carbontax in orderto facelessrisk in the
future. For example,increasingy from 1.3to 2.6leadsto increaseX; from 1.29
to 1.65. Doublingrisk-aversiondoesmorethandoublingthe optimal enegy tax
level.
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FIG. 3. Optimal control (enegy costmultiplier X;‘AQ) for varying resistanceo intertemporal
substitutionp, givenconstanty = 1.3.
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1990 2020 2050+

With ULTRAL, theresultthatrisk aversionincrease®ptimal controlis robust
with respecto the baselinescenaricandthevalueof p.

Turningtotheeffectof resistancéo intetempaal substitution, Figure3 displays
the optimal carbontax for differentvaluesof p. Numerical simulationsshov
thatincreasingresistanceo substitutiontendsto rotatethe optimal control path
counterclockwisefowardsless control in the currentperiod and more control
in the future periods. This goesin the direction of reducingthe differencesof
consumptionlevels betweengenerations. The intuition explaining this results
is thereforethat more emphasison equity — larger p — imply higher current
emissiondevelsto smooththe differenceswith following, richergenerations.

Thisis adiscountingeffect. Sincecontrolcostsarebornein theshorttermand
benefitswill berecevedin thelongterm,increasing implieslesscontrolin the
currentdecade.

Indeed asequatior® shavs, assuminga positive rateof growth, anincreasen
p increaseshe costdiscountrate. To someextend,n andp have the sameeffect.
For example,for p = v = 2 and = 1, the optimaltax ratein first periodis
15%. Model runsshaw that lowering the discountrateto 0.5 hasbasicallythe
sameeffectasloweringp from 2to 1.3.

Sensitvity of resultsto joint variationsin p, v and g arereportedin table 2
for the B2 scenario. Comparingthe p = v = 1.3 caseswith p = v = 2, the
optimaltaxlevel doesnotchangemuch: from 15%to 17%in onecasefrom 77%



16 HA DUONG AND TREICH

TABLE 2.

Sensitvity of theoptimaltaxlevel att = 2 to theutility functionparameterg, v ands.

Resistancéo substitution(p) 2 2 1.3 1.3 2 2 1.3 1.3
Aversionto risk (vy) 2 1.3 2 1.3 2 1.3 2 1.3
Annualdiscountrate(gives3) 1% 1% 1% 1% 05% 05% 05% 0.5%

Optimaltaxlevel (X3B2 —1) 15% 0% 72% 17% 77% 18% 83% 80%

to 80%in the other This seeminglysmall sensitvity disappearsvhenonly p or
~ change.This illustratesthat parameterg and-~ tendto cancelout whenthey
movetogether

In the light of previous results,the explanationis straightforward. Increasing
risk aversionleadsto increaseearly control to preventthe climatic catastrophe.
Butincreasingesistanceo substitutionin thesamedimeleadsto decreaseontrol
to favor the currentgenerationwhich is the poorestin average. Thusthe use
of intertemporallyadditive expectedutility model (p = ~) underestimatethe
sensitvity of theresultssincethetwo parametermovetogethemndtriggersthese
two oppositeeffects.

Threemain resultsemegedfrom this section. First, increasingrisk aversion
~ hasa positive effect on the control rate. Second,increasingresistanceo in-
tertemporabkubstitutionp hasthe sameeffectasincreasinghediscountraten, it
decreasetheinitial level of control. Third andconsequentlyheclassicakxpected
utility modelinducesa biastowarda moreneutralclimatepolicy.

4.2. Discountingand sustainability under uncertainty

If p andn have the sameeffect, why usetwo parameters?The secondresult
above suggestshatthereis someredundang in the parametrisatiomf recursve
utility function. Onepossibilityis to eliminatetime preference; = 0 andgofor a
resistancéo substitutionhigherthanthe usualp = 1 log-of-consumptiormodel,
for examplep = 2. A morewidespreadttitudeis to restrictutility functionsto
the p = v subsetandfocusthediscussioron .

In this section,we first explore with ULTRAL the differencebetweerp andn
whenit comesto the questionof sustainability The discussiorof theseresults
will allow to show limitations of the attitudefocusingonly on the discountrate.

Thereare mary definitionsof sustainability Amongstthem,let us singleout
Solow’s [32] formalizationasnon-decreasingtility throughtime. This interpre-
tationimposesachainof obligationbetweereachsuccessiegenerationvhichcan
very corvenientlybe representedvith recursve utility. Sustainabilityundercer
tainty is definedU; < U4y, for all . A naturalgeneralizatiorunderuncertainty
discussedheoreticallyin [3] is:

Us < wy (ﬁt+1) (10)



RECURSIVEINTERGENERATIONAL UTILITY 17

FIG. 4. Optimal control (enegy cost multiplier Xt*AQ) with the sustainabilityconstraint,for
p=13andy = 1.3.
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By usinga certaintyequivalentfunction w;(.), this definition allows welfare to
decreasd badluck arisesput to anextentcontrolledby therisk aversionparam-
eter Pezzg [29] suggestedo considersustainabilityasa prior constrainton the
optimizationprogram.It canalsobeusedasa criteriato evaluateex-postoptimal
paths.We conductedothanalysis.

We examined,for 76 model runs using varying parametersets,which ones
weresustainablén the above sense.As could be expected scenaricA2 wasthe
leastoften sustainablefollowed by B2, A1 andB1 in this order This explains
why, whensolvingthe modelunderthe sustainabilityconstraintl0, in the model
U: < V4, theeffectis importantonly for A2 andB2 scenariogcomparefigure 4
with theunconstrainedptimafigure 1 panelc).

Discountingfelicity at a high rate, two or three percentper year, led to un-
sustainablegpathwayswith two interestingexceptions. For A1 andy = 2%, a
risk aversionof v = 2 restoredsustainabilitywherey = 1.3 did not. For B1,
aresistanceo substitutionp = 2 led to sustainableptima. The latter resultis
interestingsincep = 1.3 did notleadto sustainability Heren andp have opposite
consequencesn the optimalpath.

Our explanationis that substitutioneffects dependuponthe absolutelevel of
welfare whereasliscountingdependsipontime. Aslongasthereisamonotonous
relationshifbetweertimeandwealth,i.e.growth, substitutioranddiscountingare
broadlyequialent. But thestochastienodelusecherebreakshisrelationshigor
somestatesof theworld. Thisis why 5 andp have oppositeeffects.
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Thisresultillustratesthat,from the sustainabilitypoint of view, thereis morein
resistancédo substitutionthansimply in discounting.Consequentlyfocusingthe
debateon intergenerationaéquity only ony is problematic.

Thisaddsto otherproblemswith thediscountingapproactwhenanalyzingvery
large scaleandlong term projects. Thereis an endogeneityjuestionsincelarge
scaleprojectsaffect the growth path of the economy This path shouldnot be
consideredisexogeneous.

Thereis alsothe needto introducerisk whenconsideringong-runprojects.in
theirrecentpath-breakingpapersyeitzman35] andGollier [12] examinedirectly
how macroeconomiancerténty affectsthechoiceof thediscaunt rate. They prove
thatit reducessignificantlythediscountratefor verylong-termprojectsmaybeat
its lowestpossiblevalue. On the otherhand,usualpracticeis to increasghedis-
countratefor risky project. For anthropicclimatechangethe correlationof risks
betweeremissionsgconomicactiity andimpactstherefordeadto ambiguity

We do not seehow analysisof sustainabilitycould avoid to deal with non-
marginal differencesn the welfarelevels. More generalmodelsof intergenera-
tional utility, suchasthestochasticecursve framavork, seemdo usmoreappro-
priate. It appearshatincreasinghediscountrateis notthesameasincreasinghe
resistancéo intertemporabubstitution.

4.3. Sensitvity to uncertainty

In this sectionwe presentthe sensitvity of optimal control to uncertaintyin
ULTRAL.

Resultsuptothispointassumed’y = T = 4, in otherwordsthatbifurcations
occursafter 2050. We examinenow how an earlier climatic event affects the
optimal control. Still assumé’y = T, thatpolicy is revisedin the sameperiod
asclimatechangehappens Figure5 illustratesoptimal stratgiesin a sequential
framework.

In asequentiaframework, the centralresultis neartermpolicy: How doesthe
possibility of soonerclimateeventaffect the optimalfirst-periodcontrol? Results
show that an later settlementof climate changeuncertaintiesmplies a higher
control in the shortrun. This result, which Ha-Duong, Grubb and Hourcade
alreadyfoundin [23], callssomediscussion.

At first, the potentialfor earlierclimatic eventimplieslargertotal lifetime im-
pactssincethey comesoonerandthuslastlonger This could leadto increase
controlin thecurrentperiod. But earlydamagelsoallows for a betteradaptation
strat@y sinceefforts may be developedsooner Thereis thusalsoa substitution
effect betweenex postandex antecontrol. Figure5 shows thatthe substitution
effect seemgo dominate.

To confirmthis hypothesiswe examinedthedifferencebetweenX; sensitvity
to Ty andits sensitvity to Tr. This needssometheoreticacommentdirst.
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FIG. 5. Optimalcontrolstratgies X , , for differentperiodof uncertaintyresolution,assuming

thatpolicy revision andclimatic eventcoincide,for p = 1.3 andy = 2.

In mary situationsassumingl’s = T is realistic. In somefinancialmarkets
for example,the movementf exchangerates(Tg) areobseredin realtime by
operatorsvhich adjusttheir portfolio within minutes(Z’r). For climatechange,
thisis different.

Thereis ongoingclimatic researctandit is hopefulthatscientistsandpolicy-
makerswill know well in advancethe severity of climatechange.This suggests
that precautionaryaction is possible,and gives backgroundto the assumption
Tr < Tg of early perfectforesight. On the otherhand,ULTRAL doesnot ex-
clude eitherthe oppositesituationTg > Tg. Thisis away to introduceinertia
intothemodel. Internationablecisionproceduresisuallyinvolvesalargetimelag.
Anothersourceof time lag is the naturalvariability of climatewhich complicate
detectionandattribution of anthropicclimate change. Thisis why in ULTRAL
thereis no a priori relationbetweenT g, the dateof climatic event,andTg, the
dateof policy revision.

Table3 summarizesensitvity of first-periodoptimal control X 42 to the un-
certaintyparameter§’s, Tr andrisk aversioryy, with p = 1.3 in the A2 scenario.

Resultsareverysensitveto Ty indeed.Compardheline T = 4 withTg = 3.
Thereis muchlower initial control with earlier policy revision. For the lower
valuesof risk aversiony < 2, earlierlearningmay evenleadto no effort at all.
Thisremainsvhencomparingl’r = 4 with Tr = 2. Thisastandardvaitandsee
effectwhich canbelinkedto thetheoryof irreversibility. Theprospecto beable
to adaptpoliciessoonergivesanincentieto differ control.
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TABLE 3.

Sensitvity of optimalinitial tax (X{““ — 1) to uncertaintyparameterd’g, Ty and~y.

¥ =39 Tg =4
Tg=2 Tg=3 Tg=4 y=13 =39 y=6.0
Tg =2 24% 27% 28% 0 28% 48%
Tr =3 01% 11% 10% 0 10% 65%
Tr =4 550 74% 81% 29% 81% 81%

Resultconfirmthehypothesishatthesubstitutioreffectdominateshedamage
effect. Table3 shaws that optimal controlis muchlesssensitve to T thanto
Tr. Chancg Starrhasa sayinghe calls the Noah principle of decisionunder
uncertainty:“Predictingrainsdoesnot count,building ark does”.

Studyingthesensitvity of resultdo uncertaintyparameterswith recursive utility
is all the moreinterestingthatit mostpublishedwork to datehasbeenled with
a logarithmic intertemporalexpectedutility function [20, 24, 16]. Yet Gollier,
JulienandTreich[13] have shavn thatthe logarithmiccaseis preciselythe limit
casewherebetterinformationhasno effectonthelevel of currentconsumptiorin
a stockpollutantmodel(take v = 1 in their propositionl). With respecto this
initial motivationof ourwork, numericalsimulationded with parametersloseto
1 werenonconclusve.
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5. CONCLUSION

In this paperwe consideredhegeneralizeKreps-Porteustochasticecursie
preferenceshatpermitto cut the link betweerrisk aversiony andresistanceo
intertemporakubstitutionp. They wereusedto build a stylizedintergenerational
integratedassessmembodel, ULTRAL.

Themodelhaszeroclimatedamagsonaverage. Thishighlightasimpleinsight:
theassumptiorof a positive expectedclimatedamagés absolutelynotneededo
inducesomeprecautionarybatemenin the optimal path.

Anothercharacteristiof themodelis thedistinctionbetweerthedateof policy
revision Tg andthe dateof effective climatechangels. It wasfoundthatthe
initial level of abatemenis muchmoresensitve to the formerthanto the latter:
Theearlieris policy revision scheduledthelower s initial carbontaxlevel.

On the theoreticalside, stochastiaecursve utility contributesdirectly to the
discussionon discountingin cost-benefitanalysis[2, 19, 30] by providing an
unifying framework for the main differentpoints of view. For example,mary
climate changemodelsusethe discountedsum of logarithmic expectedutility,
correspondingo thep = v = 1 case.In this paperwe analyzedhe sensitvity of
the optimalenegy consumptiorpathto the specification®f the utility function.

Thefirstresultis thatlargerrisk aversionstrengthensptimal pollution control.
Secondarger resistancdo substitution— more emphasion intergenerational
equity— rotatesheoptimalcontrolpathtowardlesscontrolin thecurrentdecade
and more control in the future. This compareswith an increasein the utility
discountrate,but the effectsdiffer from a sustainabilitypoint of view. Third and
finally, low resistancéo substitutiorp with highrisk aversionyy leadso thelargest
carbontax levels. Constraininge = + leadsto underestimatinghe sensitvity of
resultsto the shapeof the utility function.
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APPENDIX: THE ULTRAL MODEL
Variables

Xi: Enegy costmultiplier (Controlvariable)

Y:+  Production(PIB percapitaperyearin kUS$90)
K;; Capitalstock(kUS$90 percapita)

E;; Enegyinput(toepercapitaperyear)

C;+  ConsumptionlkUS$90 per capitaperyear)
R;; Adjustmentcostsfactor(% of investment)

M, Begin-of-periodcuMulative globalemissiongGtC)
N;+  Begin-of-periodCO, mixing ratio (ppmv)

D;; Equilibriumtemperaturéncreasg® C)

F;; Climatedamagéfractionof Y; ;)

Uy  Utility (k dol. 90 percapita)

Vit  CertaintyequiValentof next generatiors utility (kUS$90p.c.)

Equations
ULTRAL maximizesU ; underconstraintsA.1-A.11, the stochasticlynamic
programmingconstraintX; ; = Xg for all t < Ty andthefinal stationarity
conditionX; 4 = X 3.

Yie/V' = aFiy(Kiy/ K1) (Eie/E") (A1)
Cip = (1=sRy)Yiy (A.2)
Yit/Y' = peXitEiy/E' (A.3)
Kiiprilipn = (pKiy +vsYi)l (A.4)
1
Rz’,t+1 = max(l, |(Xz',t/Xi,t71)5 — 1|/)\) (A5)
Mity1 = M+ 0xa Bl (A.6)
Niy = o) +a; M, (A7)
Diy = 2.5(Niy — 275)/275 (A.8)
1 ift<Tg

F, = { 1-— ADl?,t ift>Tgandi = H (A.9)

1+7/(1-n)AD}, ift>Tgandi=1L
Ui = [(1=B) /1)’ Ciy” + BV, 7177 (A.10)
U1l if t #Tg andt # 4

_1

Vigly = [W(lt+1UH,t+1)17’Y + (1 =) (lt+1UL,t+1)17’y] T ift=Tr  (A1D)

Ciala(pKi a0 +v84Yi4)/Kia ift =4
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Parameters (Al scenario)

Elasticity of capital
Elasticity of enegy

World population
Technicalprogressoeficient
Saving ratio

Baselineincreasen the enegy input cost
Productionpercapitain 1990withoutdamages
Enegy percapitain 1990withoutreduction

Initial capital

Inter-perioddepreciatiorof capital
Inter-periodaccumulatiorof investment
MaximumX annualvariationwithout adj. costs

Inter-periodutility discountfactor

Resistancéo intertemporakubstitution

Relativerisk aversion

Durationof a period
Carboncontentof enegy

Interceptof the carbon-gclerelation

Slopeof the carbon-gclerelation

Dateof impact: productvity jump Event

Dateof policy Revision
Probabilityfor a negative impact

Magnitudeof damagedor 1° C warming

0.36

0.04
5.26,7.49,8.70,7.72Giga
1.00,1.81,3.69,5.52
0.25
1.00,1.28,2.05,2.70
3.97k$90

1.07toe

11.92k$90

0.215

16.14

0.02

0.74
13
2.0

30years
1.10,1.03,0.68,0.39tC/toe
354,371,390,297 ppmv
0,0.154,0.129,0.278ppmv/toe
4

4

0.05

0.1
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Scenarios
Datafrom IPCC preliminary 1998 scenarioausedfor calibration. Year2080
valuesarelinearlyinterpolatedexceptfor emissions Enegy Intensityin B1 taken
from Al.

1990 2020 2050 2080 2100

Population 10° 5.3 75 8.7 7.7 7.1
Al GNP percapita 1990k$ 4.0 7.5 20.8 50.5 74.9
Enegy Intensity MJI/$ 11.3 8.8 5.5 4.2 3.3
Population 10° 5.3 8.2 11.3 12.4 13.1
A2 GNP percapita 1990k$ 4.0 5.0 7.3 8.9 9.9
Enegy Intensity MJI/$ 12.8 12.4 10.0 7.4 5.7
Population 10° 53 7.8 8.9 7.9 7.2
B1 GNP percapita 1990k$ 4.0 6.2 12.8 31.4 46.7
Enegy Intensity MJI/$ 11.3 8.8 5.5 4.2 3.3
Population 109 5.3 7.7 9.4 10.0 10.4
B2 GNP percapita 1990k$ 4.0 6.6 11.7 18.5 22.6

Enegy Intensity MJI/$ 12.9 8.5 6.0 4.8 4.0
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