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Abstract

We analyzecarbondioxide (CO,) sequestratiomsa stratgy to manageuture climate changein an
optimal economicgrowth framewnork. We approachthe problemin two ways: first, by usinga simple
analyticalmodel,and second by using a numericaloptimizationmodelwhich allows us to explore the
problemin amorerealisticsetting.CO, sequestratiors not a perfectsubstitutefor avoiding CO, produc-
tion becaus€ O, leaksbackto theatmospherandhencemposeduture costs.The“efficiency factor” of
CO, sequestratiomanbe expressedstheratio of the avoidedemissiongo the economicallyequivalent
amountof sequestere@O, emissionsA simpleanalyticalmodelin termsof a net-presentaluecriterion
suggestshatshort-termsequestratiomethodssuchasafforestationcanbe someavhat(x 60 %) efficient,
while long term sequestratiorfsuchas deepaquifer or deepoceansequestrationganbe very (> 90%)
efficient. A numericalstudyindicateghatCO, sequestratiomethodsata costwithin therangeof present
estimateseducetheeconomicallyoptimal CO, concentrationandclimaterelateddamagesThepotential
savzings associateavith CO, sequestratiors equialentin our utilitarian modelto a one-timeinvestment
of severalpercenof presengrossworld product.



1 Intr oduction

Anthropogenicgreenhouseyas emissionsare projectedto changefuture climatesand to causenon-
negligible economicdamagegMunasingheet al., 1996; Weyant et al., 1996]. Efforts to mitigate the
greenhousgasproblemhave traditionally focusedon avoiding the productionof carbondioxide (CO,)
by reducingfossil fuel use(typically referredto as“CO, abatement”]Nordhaus 1992;Tol, 1997]. One
alternatve to CO, abatementvould beto captureCO, emissionsandsequestethemin carbonreserwirs
suchasdeepaquifers,deepoceanspr minerals[Lackneret al., 1995; Herzay and Drake, 1996; Hoffert
et al., 2002]. However, large-scalesequestratiopresentonsiderablescientific, engineeringand eco-
nomic problems.Oneeconomigoroblemis that CO, sequestratiors not a perfectsubstitutefor avoiding
CO, production.This is becausesequestere@O, mayleak backinto the atmospherandimposefuture
climatedamagesin contrastavoiding CO, productionwould notimposethelegag of CO, leakage.

Whetheror not CO, sequestratioshouldbe consideredsa viablealternatve to CO, abatemenis an
openandmuchdebatedjuestion[Kaiser, 2000]. Previous studiesaddressingCO, sequestrationevelop
elegantanalyticalexpressionso analyzethetradeof betweernCO, sequestratioandCO, abatemente.g.,
Richards[1997], van Kootenet al. [1997], Herza etal. [2003]) or analyzethe optimal useof CO, se-
guestrationn numericaimodels(e.g., Swinehar{1996], Biggsetal. [2000],Lecocgand Chomitz2001]).
While breakingmportantnew ground thesestudiesaresilentonimportantpolicy questionsFor example,
the analyticalmodelstypically neglectthe feedbackeffectscausedy the availability of the CO, seques-
trationtechnologyon future carbontaxes. Also, mostnumericalmodelsfocuson afforestation(which can
only play aminorrolein reducingclimatechanggNilssonand Sdhhopehauserl 995;Adam 2001]). Stud-
ies analyzingmore powerful sequestratiomethods(e.g., deep-oceair deep-aquifeinjection) assume
negligible mamginal costs[Nordhaus 1992], ngglectcostreductionsastechnologiesnature [Biggsetal.,
2000;Herza etal., 2003]),or ngglect CO, leakagdHa-DuongandKeith, 2002].

Herewe expandandimprove on the previouswork in two respectsFirst, we refineandapplyanana-
lytical model[Richards 1997]by estimatingthe relevantmodelparametersindestimatingthe efficiency
factorof CO, sequestrationSecondwe expandanoptimaleconomiayrowth model[Nordhausand Yang
1996] by addingCO, sequestratioriearning-by-doingandtechnologicainertia. We usethe numerical
modelto analyzethe optimal useof CO, sequestratiomethodsandthe effectsof optimal carbondiox-
ide levels. Specifically we askfive questions:(i) Whatis thetradeof (or the ratio of mamginal benefits)
betweenCO, sequestratiomnd CO, abatement?ii) Whatis the optimal useandtiming of sequestra-
tion? (iii) How doesCO, sequestratiomhangethe optimal tax path? (iv) How do technologicainertia
andendogenougearningaffect the optimal useof sequestrationand(v) Whatis the presentvalueof a
technologythatwould provide sequestratiom thefuture?

We proposean economicframenork to measurehe efficiency of CO, sequestrationSpecifically we
estimatethe netpresenwalueof sequestere@O,, in termsof avoidedabatementoststo meeta specific
atmosphericoncentratiorconstraint. CO, sequestratiorcan replacecostly abatemenmeasuresn the
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presentandhencehasaneconomicvalue. However, leaky CO, sequestratiommposedfuture costs. The
net savings (i.e., the initial savings minusthe future costs)relative to the initial savings representshe
efficiengy factorof CO, sequestrationTheresultsfrom our analyticalmodelsuggesthatafforestationis
somevhatefficient (~ 60%), while long-termsequestratiopossibilities,suchasdeepaquifersequestra-
tion or oceaninjection, couldbe quite efficient (> 90%).

The analyticalmodel provides an intuitive and simple methodto accountfor future leakageof se-
guestereadarbon.The simplicity of the analyticalmodelneglects,however, several potentiallyimportant
effectssuchashyperbolicdiscounting]Weitzman 1998] or learning-by-doing Argoteand Epple 1990].
We addresgheseshortcomingdy analyzinga numericaloptimalgronth model. Our numericalanalysis
suggestshatthe availability of a viable sequestratiotechnologycanlower carbontaxesandthe optimal
atmosphericCO, concentrationsin the model,CO, sequestratioat maiginal costswithin the rangeof
presentestimateds deployedin increasingvolumeto sequesteall the industrial CO, emissionsoy the
middle of the next century Learning-by-doingandtechnologicalinertia createan“R & D” market for
earlysequestratiorheforeit is competitve with abatementechnologiesLearning-by-doingllows soci-
ety to “buy-down” the price of sequestratioty employing the technologyearlier Technologicainertia
requiresearlier sequestratiorio achieve large-scalequantitatve goalsin the next century The poten-
tial economicbenefitsderived from sequestratioare seseral percentof present-dagrossworld product
(GWP). Theresultsof our analysisaresensitve to several parameterssuchasthe rateat which learning-
by-doing occurs,the maximumrate at which a new technologycan penetrateghe market, or the rate of
carbonleakage.

2 The efficiencyfactor of CO, sequestration:
A simple analytical model

Theefficiengy factorfor CO, sequestratiors asimplemeasurdo analyzethe economidradeof between
CO, abatemenandCO, sequestrationln anoptimal policy, differentCO, controltechnologiesareused
suchthattheirmamginal socialvalue(shadav price)areequalized.Thus,in aworld in which sequestration
hasa constantefficiengy, 7, relative to that of abatementand an optimal tax (¢) is levied on all CO,
emissiongincludingthosethataresequestered)he optimal“refund” levied for eachton CO, sequestered
shouldbe equalto the productn - t. As therelative efficiency of sequestratiompproachesinity (perfect
substitutefor abatement)the refundapproachesull reimbursement.Corversely in a credit regime for
sequestratiorthefractionof afull creditcorrespondingo thefractionof the socialvalueof abatementy,
shouldbe givenfor eachton sequestered.

Givenits importancethefirst goalof ouranalysidgs to derive theefficiency factorof CO, sequestration
to comparesequesteredarbonwith avoidedcarbonemissionsFor example,100tonsof sequestere@O,
would offset50 tonsof avoidedCO, emissionsatanefficiency factorof 50%. To illustratethestructureof
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theproblem we startwith asimpleanalyticalmodel,similarto theonedevelopedby Richards[1997]. We
expandontheanalysisof Richards[1997] by estimatingelevantparameterandby deriving ananalytical
expressionfor the economicefficiengy of carbonsequestratiorwonsidering(i) discounting,(ii) changes
in future carbontaxes, (iii) leakageand(iv) anenegy penaltyof carbonsequestrationAs we illustrate
in the subsequergection,mary conclusionslerivedfrom this simplemodelarevalid in a morerealistic
numericalmodel.

The tradeof betweenCO, abatemenand CO, sequestratioms affectedin our analyticalmodel by
four factors: (i) the additionalenegy requirement{ii) the CO, leakageovertime; (iii) the changesover
time in maginal abatementosts;and(iv) the discountrate. In the following sectionwe develop simple
closedform solutionsto representhesefactorsandderive an expressiorfor the efficiengy factorof CO,
sequestration-or analyticalconveniencewe approximatehe problemby aninfinite horizonproblem.

The first factoraccountdor the enegy requiremenif CO, sequestrationThe additionalenepy is
derived by burning morefossil fuel andthusimposesan“enegy penalty”. Therelative “enelgy penalty”
() is the consequencef the enegy-intensve natureof capturing,transporting,and sequesteringO,
emissions . is definedastherelative increasen fossil fuel usedueto CO, captureandsequestrationThe
relative increasdan CO, emissionghat mustbe sequesteretb yield the sameamountof enegy for end

useis: .

Yy @
Somefractionof the sequestere@O, will leak backto the atmosphereWe approximatehe leakageby
anexponentialdecayof the sequestere@0, stock. Theleakagélux of onton of CO, overtime (/(t)) is

thena functionof thedecayrate(¢) andthe enegy penalty(\):

()=~ e 2)

wheret startsatthetime of sequestration.

For the analyticalmodel,we assumen agreeduponatmosphericCO, stabilizationpath. Associated
with this stabilizationpathis a pathof allowable CO, emissionsThe marginal CO, abatementostsover
time arethena function of the CO, reductionsover time andthe available abatementechnologieswith
theirassociatednaginal costs.If we think aboutthe CO, stabilizationpathasimplementedy the appli-
cationof an emissiondax, this carbontax would follow the samepathasthe mamginal abatementosts,
in this stylizedexample.For the agreeduponCQO, stabilizationpath,ary leakagehasto be compensated
by increasechbatementBecauseCO, abatements costly, CO, leakageimposesadditionalcostsin the
future. Theadditionalcostsareapproximated— in a partialequilibriumsense— by the carbontaxtimes
theleakagdlux.

We estimatefuture carbontaxesby fitting a simple exponentialfunction to resultsfrom an optimal
growth model. We usethe RICE model[Nordhausand Yang 1996]to estimatecarbontaxesthatcorre-



spondto an optimal emissiongpath subjectto atmosphericoncentratiorstabilizationtargets. For CO,
stabilizationtargetsbetweed50 ppmand 750 ppm, the constraintoptimal carbontaxesarewell approx-
imatedfor the next two centuriesby exponentialfunctions. The carbontaxesover time (mc) arehence
approximateds:

me(t) = By e’ !, (3)

where 3, is theinitial carbontaxin U.S.$perton of C andj is the carbontax growth rate. Note that
the optimal abatementostsat the maigin areequalto the optimal carbontax giventhe assumegerfect
markets. The carbontaxesareprojectedto increaseover time mostly becausehe positive maiginal pro-
ductivity of capitalaswell asthefree serviceof the naturalcarbonsinksfavor laterabatemenineasures.
Thelastassumptiomequiredfor theanalyticalmodelis to discountfuture costsby a discountfactor(d),

dt)=e™"", (4)

wherer is thediscountrate.

Deriving theefficiengy factorof aleaky CO, sequestratioprojectis now anexerciseof calculatingthe
net presentvalueof the projectandrelatingit to the costsof the alternatve choiceof carbonabatement.
Technically the net benefitof sequestere€O, at time zerois the avoided carbontax (5;), minusthe
presentalueof futurecostsimposedoy the CO, leakage Thenetbenefitperton of CO, sequesteredan
beexpressedy:

t=00

netbenefit= 3, — / e "t By elt %e—c tdt, (5)

t=0
which canbe solvedanalyticallyfor » + ¢ — g > 0. (Otherwise the costsof leakagegrow fasterthanthe
rateat which they arediscountedcandthe presentvaluesumof costswill exceedall benefitsderivedfrom

theton of sequestere@0,.) Thesolutionfor the netbenefitis:

¢
(r+¢—=p8)1-2)

The expressionin parentheseseduceshe initial projectbenefitat no leakage(the mamginal abatement

netbenefit= 5, (1 — ). (6)

costsat thetime of sequestrationandcanbe interpretedasan “efficiency factorof CO, sequestration”.
We hencerewrite equation(6) as:

_ netbenefit (1-— ¢
~ initial carbontax (r+¢=p8)(1=X

), (7)

n

wheren is the efficiency factorof sequestratiorcalculatedby the ratio of net benefitfrom a CO, unit
sequesteredb the net benefitof a CO, unit of avoided emissions. Note that the efficiengy factor of



sequestratiors alsoequalto theratio of the maginal benefitsof sequestratioto the mamginal benefitsof
abatemenin theadoptedptimalgrowth framawork.

This simple efficiency model is a stylized representatiorof the complex interactionsbetweense-
guestratiorand humanwelfare. However, sucha framevork may be preferableto alternatve weighting
schemeghat measureefficiencgy in termsof carbonthat neglect issuessuchasthe maiginal productiv-
ity of capitalor CO, leakagebeyond an arbitrarily chosentime horizon[Fearnsideet al., 2000; Costa
and Wilson, 2000]. Although this analyticalmodel gives us someinsight into the economictradeofs
involved with CO, sequestrationit hassereral shortcomings.First, the partial equilibrium assumption
implicit in the fixed carbontax pathis only reasonabldor very small-scaleuse of CO, sequestration.
This is becausdarge-scaleCO, sequestrationvould affect the carbontax pathwhich we assumeo be
unafected.Secondpuranalyticalmodelneglectsmechanismsuchashyperbolicdiscounting Weitzman
1998], backstopechnologiegManneand Richels 1991], or technologicainertia[Grubler et al., 1999].
We shallanalyzetheseeffectsin the morerealisticnumericalmodeldevelopedbelow.

3 The optimal useof CO, sequestration:
An optimal growth model

We usethe Regional IntegratedModel of Climateandthe Economy(RICE) [Nordhausand Yang, 1996]
asa startingpoint. This optimal gronth modellinks the global climateandeconomicsystemby simple
feedbacksThe currentmodelversion(RICE-01)differsfrom the original RICE-96[Nordhausand Yang
1996] modelin two ways. First, we have updatedthe model parametergo be consistentwith recent
work Nordhausand Boyer[2000]. Secondwe modify the modelto accountfor carbonsequestration,
technologicalinertia, and learning-by-doing.In the following sectionswe give a brief overvien of the
model structureand how we incorporatecarbonsequestrationtechnologicalinertia, and learning-by-
doing.

3.1 The RICE model

TheRICE modellinks climaticrelationshipdpetweeratmospheri€O, concentratiomndnetglobalradia-
tive forcing to economicrelationshipdbetweenconsumptiorandinvestmenin capital. The RICE model
aimsto maximizethe discountedsumof utility derivedfrom generalizecconsumptiorover a giventime
horizon.

The economiccomponenbf the RICE modelis a Ramsg type modelof economicoptimal growth
[Ramsg, 1928].In the Ramsg model,a socialplannerchoosepathsof consumptior(C') andinvestment
to maximizean objective functionU*. In the RICE model,the objectve functionis the weightedsumof
the naturallogarithmof percapitaconsumptiorwith the weightingfactorspopulationlevel (L), afactor



accountingor the “pure rateof socialtime preference’p, andthe“time-variantNegishi weights” ¥:

N C(n,t)
* = v 1 "Z) L 1 .

Y ZZ:; (n,8) In(p) L, t) (14 ) t:)
TheNegishiweightsareaninstrumento accountfor regionaldisparitiesn economicdevelopment.They
equalizehemaminal utility of consumptionn eachregionfor eachperiodin orderto preventlarge capital
flows betweerregions. Thistechniquds descriptve ratherthanprescriptve; althoughthe choiceof utility
functionimpliesthatsuchcapitalflows would greatlyimprove socialwelfare,without the Negishiweights
the problemof climate changewould be drovnedby the vastly larger problemof underdeelopment.A
detailedexposition of Negishi weightsis givenin Nordhausand Yang [1996] and the reference<ited

therein.

C(n,t)
L(n,t)

tion occursfrom somestartingpoint¢ = 0 to afinite time horizon¢*. Thefinite time horizonis required

In this equationthetermIn( ) representsheflow of utility attime ¢ for regionn andthesumma-
by the numericalsolutiontechnique.lt is, however, just a numericalapproximatiorto aninfinite horizon
problemasusedin the analyticalmodel(equation5). Thefinite time horizonis chosernsuchthatthe end
point hasno significanteffect on the policy decisionin theanalyzedime frame.

Investmen{(]) in capitalis specifiedin the modelasthe balanceof output(Y’) thatis not devotedto
consumptionn agiventime period:

Y(n,t) = C(n,t) + I(n,t). 9)

Investmentcontritutesto the capital stock (K) of the next period, which thendepreciatest a constant
proportionalrate(s) overtime:

K(n,t+1)=(1—-¢)K(n,t) + I(n,t). (10)

At eachpointin time, the capitalstockandlaborsupply(whichis exogenouslyspecified)influencegross
world product.In RICE, this relationships expressedy a modifiedCobb-Douglagunction:

Y(n,t) = Q(n,t)A(n,t)K(n,t)"L(n, ). (11)

In the model, grossworld output dependson exogenouslyand endogenoushevolving elements. The
exogenouselementsare the multi-factor productvity (A), the populationlevel, and the constantshare
of capital (y) in the economy The endogenouslyleterminedelementsare capitaland a scalingfactor
(€2), which accountdor the costsfrom investingin carbonmitigation technologiesand climate-related
damagesasdiscussedbelow.

The economicandthe naturalsystemsarelinked in the modelby the anthropogeni€CO, emissions



(F). The CO, emissionsdependon the economicoutput, the exogenouslydeterminedenegy-intensity
of GWP (o), the CO, abatementate (1), and the exogenouslyevolving land-useCO, emissions(O)
accordingto:

E(n,t) = o(n,t)Y (n,t)[1 — u(n,t)] + O(n,t). (12)

Without carbonmitigation the carbonemissiongollow a baseline*businessasusual”’ (BAU) scenario.
Increasingelative CO, abatemenimposedncreasingelatve abatementosts(B):

B(n,t) = bi(n)u(n, )", (13)

with b;(n) andby(n) beingmodelparametersCO, emissionsactto increasehe atmosphericCO, stock
(Mg:). However, increasedCO, concentrationsn the atmospherelrive someproportioninto the upper
ocean(M,,). Eventuallymostof a givenCO, pulseemittedinto the atmospherés absorbedy the deep-
ocean(M,,) accordingto afirst-orderlinearmodeldefinedby:

My(t+1) =Y E(n,t+1) +biy Muy(t) + bor Myy(t), (14)
Myp(t + 1) = brg Mai(t) + bao Myy(t) + bse Mio(2), (15)

and
Mio(t + 1) = bag Myy(t) + bsg Mio(t). (16)

Thevariablesh, ; arethe entriesin the carboncycle modeltransitionmatrix [Nordhausand Boyer, 2000].
AtmosphericCO, levelsabove the preindustrialevel of 590 Gigatonsof carboncausea netradiatve

greenhousegasforcing (F):
F(t) = 4.1 In[My(t) — 590]/In(2), (17)

wherethe factorof 4.1is the changen radiatve forcing dueto a doublingof atmospheri€CO, concen-
trations. Note that physicalvariables,suchasthe atmosphericCO, stockor temperatureareall global
in the model. As such,temperaturehangen the modelis really the temporalandspatialaverageof the
changen global surfacetemperaturelncreasedadiative forcing is translatednto global meantempera-
turechangg(T") by a simpleclimatemodel:

T(t) = T(t — 1) + (0))[F(t) — NT(t — 1) — (02)(T(t — 1) — T*(t — 1))]. (18)

In this equationai1 denoteghethermalcapacityof the oceaniamixedlayerand)\ is the climatefeedback
parameterTheclimatesensitvity (A*) of themodelis definedasthe equilibriumtemperatureéesponséo
adoublingof atmospheric€O,. Theclimatesensitvity is givenby \* = %, whereA Fy,co, iSthe
radiative forcing causedy a doublingof CO,. The parametet, representsheratio of the heatcapacity



of the deepoceanto transferratefrom the oceanicmixedlayerto the deepocean.T* is the deviation of
thedeep-oceatemperaturérom the preindustrialevel approximatedy:

T*(t) = T*(t — 1) + (03)(T(t — 1) = T*(t — 1))]. (19)

To completethe circle linking climateto the economytemperaturehanges7’, equationl8) causeeco-
nomicdamagegD), which arespecifiedasa fraction of the grossworld product:

D(n,t) = a1(n) T(t) + az(n) T(t)% (20)

The costsof carbonmanagemenandthe climate damagesre subtractedrom the grossworld product,
therebydetermininghe scalingfactor(2:

Q(n,t) =1— D(n,t) — B(n,t). (21)

3.2 Representationof CO, Sequestration

We addsequestratiomasan additionalcarbonmanagemenbption to the standardabatemenbption con-
sideredin the original RICE-01 model. The carbonsequestratiorilux (S) is removed from industrial
emissiony £ — O) andstoredin a carbonreseroir (M,.) from which it leaksbackinto the atmosphere
following anexponentialdecay:

Myo(t+1) =Y S(n,t+1) + bas Mye(2). (22)

All sequesteredarbonis presumedn this exerciseto enterthe samereserwir; this is mathematically
eguialentto anarbitrarynumberof reserwirs for our assumptiorof alinearrateof decay The original
equationdescribingthe atmosphericCO, budget(14) is hencemodifiedas:

Mu(t+1) =Y [E(n,t+1) = S(n,t + 1)] + biy Muy(t) + o Mup(t) + ba Mye(t).  (23)
Sequestratioris represente@s a carbonbackstoptechnology similar to the representatiorof non-
abatemenbptionsin previous economicmodels(e.g., Ward [1979], Manneet al. [1995]). A backstop
technologyimplies that the maginal costsof sequesteringO, canbe approximatedasindependentf
the sequestereduantity This someavhatcrudeapproximationrmight be justified becausehe capacityof
carbonsequestratiomethods(suchasinjection into deepaquifers,the deepoceanspor CO, absorption
out of theatmospheregxceedghe necessarO, emissionreductiongElliot etal., 2001;Herzay etal.,
2001;Ha-DuongandKeith, 2002]. Notethatthe CO, sequestratiomethodbasedon CO, absorptiorout
of the air [Lackner, 2003] is a very closeapproximationto the type of backstoptechnologyconsidered



here,asthe maginal costsare ratherinsensitve to the fraction of anthropogenicCO, emissionsbeing
sequestered.

In themodel,we subtractheproductof the CO, sequestratioflux andthemamginal sequestrationosts
(V(t)) from world output. The original productionfunction (equationl 1) is hencemodifiedaccordingto:

Y(n,t) = Qn,t)A(n,t)K(n,t)"L(n,t)"7 — S(n, )V (t). (24)

Sequestratiobecomesnadditionalchoice(beside<CO, abatemenandcapitalinvestment}o maximize
the objectie function. We neglect the possibility that CO, sequestratiomight occur out of the atmo-
sphere As aresult,sequestratiofluxeshave to be belown theindustrialemissions.

Presenestimatef the maginal costsof CO, sequestrationary widely andare primarily basedon
theoreticakalculations Giventhe considerabléechnologicabndlogisticalchallenge®f large scaleCO,
sequestrationthe cost estimateshave to be taken with a grain of salt. Williams [2003], for example,
considersanintegratedgasificationcombinedcycle power plantusingcoal. For hydrogenproduction the
maiginal costof CO, sequestratiois estimatedasroughly50 U.S.$perton C. For electricity production,
theestimatednamginal costsarearoundl00U.S.$perton C. For comparisonChiesaandConsonn{2000]
analyzenaturalgas-firedcombinedcycle power plantsand estimateghat carbontaxesbetweenroughly
125t0 180U.S.$perton C would renderthe CO, sequestratiooptioncompetitve. We adopta maginal
costfor large scalecarbonsequestratiof 100 U.S.$perton C asour centralestimateand explore the
implicationsof this parameteuncertaintyin a sensitvity study(discussedbelow).

3.3 Representationof Learning-by-Doing

Technologicalimprovementsresultingfrom large-scalemanufctureof varioustechnologieshave been
showvn to decreasdhe costsof thosetechnologiesn a phenomenonypically referredto as “learning-
by-doing” [Argoteand Epple 1990]. Learning-by-doings especiallyimportantfor relatively new tech-
nologiessuchas CO, sequestration.To representearning-by-doingor CO, sequestrationthe cost of
sequesteringneton of carbondioxide (V') decreases our modelasa function of cumulatve installed
capacity(cc) accordingto:

ce(t+ 1) = ce(t) + Z S(n,t). (25)
and 0
V) =l 26)

Notethattheabove equationmpliesthatcumulatve capacityis irrespectve of theregionin whichthe ca-
pacityis installed,meaningthatcost-reducindechnologieslevelopedn eachregion areperfectlyshared.
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Thecostcurveis characterizethy anexponent(v) thatis a functionof the“progressratio” (pr):

(27)

The progresgatio is definedasthe relative costsafter a doubling of the installedcapacity We assume
a progresgatio of 85% to representechnologiedetweenthe researchand developmentphaseandthe
commercializationphase[Gribler et al., 1999]. As initial installed capacity we assumel0 Gt C to
represenarelatively immaturetechnology

Introducinglearning-by-doingcanintroducelocal maximainto the underlyingoptimizationproblem
[Messner 1997]. Basically the technologiesanbe trappedin a local basinof attractionif the existing
maturetechnologyis cheapethanthe new (but initially moreexpensve) technology The local maxima
canseverelylimit theappliedlocal searchalgorithmimplementedn GAMS/MINOS [Brooke etal., 1998].
We testwhetherthe solutionis alocal (asopposedo a global) solutionby startingthe modelsimulations
at differentinitial conditionsfor abatemenaindsequestrationfor the basecase.The factthatall model
simulationscorverge to basicallythe sameresultarguesstrongly againstthe existenceof relevantlocal
maximain theobjective function. Themodelis formulatedin GAMS [Brooke etal., 1998]andis available
from theauthors.

3.4 Representationof Technologicallnertia

Market penetratiorratesof new technologiesarelimited by factorssuchascapitalturnover or diffusion
of knowledge.The penetratiorratesof technologiesuchasnaturalgas,cars,or oil canbe approximated
as an exponentialincreaseof deliveredquantity [Grubler et al., 1999]. Thusa constantmaximumal-
lowable growth rate seemsan appropriateconstraintto preventthe obviously unrealisticstrategyy of an
instantaneouscale-upf sequestrationAn instantaneouscale-upvould imply infinite penetratiomrates,
inconsistentvith the obsenations.

Historical ratesof market penetratiorcanbe quite high. For example,the growth rate of the enegy
suppliedby gashasbeenaround7.5 % peryearin the U.S. over the last 150 years(seeGrubler et al.
[1999]). However, becaus®f the extensie infrastructurenecessaryor large-scalecarbonsequestration,
it seemganoreappropriatdo comparet to otherinfrastructure-intensee technologiegsuchasrailroads),
which requiremoretime to penetrateéhe market. For this reasonwe choosea growth constraintof 5 %
per yearfor carbonsequestratioimn our model. The increasein CO, sequestratiomver time is hence
constrainedy a maximumallowablegrowth rate(«):

Sn,t+1) < (14+a)S(n,t). (28)

The growth constraintfor CO, sequestratioigivenabove is region-specific. Thus, while costreductions
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from technologicabdwancescanbe sharedoetweerregions,the increasesn capacityto sequesteemis-
sionscannot: eachregion mustinvesttime andresourcesnto the necessarynfrastructureto sequester

CO..

4 Resultsand Discussion

4.1 Analytical Model

We first examineresultsdervedfrom the analyticalmodel(equation?) to illustrate somegeneralproper
tiesof the problem.As aninstructive example,considerthe efficiency factorof afforestation.We choose
economicparameteralueswhich approximatehe optimal policy in the RICE model,resultingin a dis-
countrateof 5 % year ' anda carbontax growth rate of 1.5 % year! (consistenwith concentration
stabilizationat 650 ppm). We further assumea half-life time of carbonin newnly plantedforestsof 40
years,and an enegy penaltyof 10%. This yields an efficiency factorof 61%. For comparisondeep
aquifersequestratiofassuminga half-life time of 1000yearsandanenegy penaltyof 15%)would have
anefficiengy factorof morethan95%.

Thissimplemodelsuggest$our mainconclusionsFirst,ahigherdiscountrateincreasesheefficiengy
factorby lesseninghepresent-aluecostsassociateavith futureleakage Secondahigherenegy penalty
decreasethe efficiengy factorby anincreasen overall enegy production. Third, smallerreserwir half-
life times(equialentto largerleakagerates)decreasehe efficiency factorby allowing carbonto escape
sequestratiorarlier(Figurel). And fourth,ahighercarbontax growth ratedecreasetheefficiency factor
by increasinghe costof cuttingemissiondo compensatéor leaked CO,.

4.2 Optimal EconomicGrowth Model

Theanalyticalmodelis usefulto expressthetradeof betweersequesteredndabatedCO, emissionsn a
closedform solution. The simplicity of the analyticalmodelcomes however, atthe price thatthe system
hasto be extremely simplified. For example,the analyticalmodel ngglectsthe effects of (i) learning-
by-doing, (ii) hyperbolicdiscounting,(iii) technologicalinertia, and (iv) the availability of the carbon
backstopechnologyon optimal carbontaxes. We usethe numericalmodelto analyzetheseeffects.

The first questionwe addresswith the numericalmodelis how the availability of the CO, seques-
tration technologyaffects optimal carbontaxes. To isolatethis effect, we useexponentialdiscounting,
neglect the technologicalinertia constraintsand learning-by-doing. CO, sequestratiofis available at a
constanimamginal costof 100U.S.$perton C anda reserwir half-life time of 200a. The optimalcarbon
taxesfor this simulationin the casewithout sequestrationwith perfectsequestratiomndwith a “leaky”
sequestratioareshowvn in Figure?2.
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Figure 1. Relationshipbetweenthe reserwir half-life time of a sequestratioprojectandits efficiency
factor(n) (equation? in thetext) for differentdiscountrates(r).

In this example,the optimal carbontax increasesn all three casesin the next 150 yearsand ap-
proacheghe mamginal costsof carbonsequestrationlf carbonsequestratiofs not available,the carbon
tax continuedo rise. If a perfectbackstopechnologysuchasnon-leakingcarbonsequestratiomvithout
atechnologicalnertia constraintis available,the carbontaxesareboundby the backstopprice (equalto
100U.S.$perton Cin thisexample).

Sequestratioactshereasa backstopgechnologyby forcing the mamginal costof abatemento remain
belowv aflat price. In the casewhereCO, sequestratiolis the perfectsubstitutefor abatementi.e., no
leakage) societyis indifferentbetweerthe two technologiesassoonasthe maginal costsof abatement
andsequestratioareequal(i.e., attheintersectiorof theabatementostscurve with theflat sequestration
costcurve at100U.S.$perton C shavn in Figure?2). In thecasewhereCO, sequestrationesultsin future
CO, leaks,it is not a perfectsubstitutefor abatementAs a result,leaky CO, sequestratioins only used
at a highercarbontax thanthe maginal costof thetechnology SinceCO, sequestratiois not a perfect
substitutefor abatementit is worth lessin the optimal growth framework, andthe price at which carbon
sequestrations usedexceedsthe mamginal costsof $100perton. In fact, the ratio of the maginal cost
of sequestratioto the mamginal costof abatementvhenboth are usedrepresentshe efficiency factorof
sequestratiomtroducedbefore. Reassuringlythe estimatedsequestratiorfficienciesagreequite well
betweenthe analyticaland the numericalmodel. (The valuesare 78 to 86% in the numericalmodel
comparedo 84%in theanalyticalmodelusingthe samemodelparameters.Thisimpliesthattheoptimal
choicebetweenCO, sequestratioandCO, abatemenin this simplified exampleis well approximatedy
theanalyticalefficiency factorderivedin equation(7).
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Figure2: Theeffect of CO, sequestratiofwith andwithout CO, leakage)n optimal carbontaxes. See
text for details.

We now analyzethe effectsof hyperbolicdiscountingJearningcurves,andtechnologicalnertia. Our
modelsuggestshattechnologicalnertia,hyperbolicdiscountingandlearning-by-doingall actto increase
the optimaluseof carbonsequestratiom the nearfuture (Figure3).

In this simulation,two phenomenare driving earlieruseof sequestrationFirst, employing the rel-
atively new technologyof CO, sequestratiormeduceghe future mawginal costs. This effect is moreim-
portantfor relatively new technologiesSecondsequesteringarbonin smallamountsearlyon allowsthe
scaleupin time to achieve sequestrationf all industrialemissiongearlyin the next century(Figure3).

Theintroductionof sequestratiotechnologiesandramaticallyreducethe optimal atmosphericon-
centrationof CO,, dependingonthe maginal costof CO, sequestratiofFigure4).

With arelatively expensve CO, sequestratiotechnology(for example150U.S.$perton C) CO, se-
guestrations not usedandthe atmosphericCO, concentrationgxceed750 ppmV in 2250. For a CO,
sequestratiogostof 100 U.S.$perton C (the centralestimate) CO, sequestratios usedandthe peak
of theoptimal CO, trajectorydecrease® lessthan550ppmV (Figure4). Thesecondaryncreasen CO,
concentrationn thelong run (Figure4A) is dueto therelatively early leakageof sequestere@O, atthe
200yearreserwir half-life time. For a2000yearreserwir half-life time, the optimal CO, concentrations
donotshaw this secondaryncreasgFigure4B). Notethattheoptimal CO, pathsfor arguablyrealisticas-
sumptionsaboutpresentCO, sequestratiosostscanbe considerablyowerthanpreviousoptimalgrowth
analysege.g., Tol [1997] or Nordhausand Boyer[2000]).

Cheapeclimatecontrolstrategiescanimprove theweightedsumof presentandfuturewelfares(equa-
tion 8) by reducingthe maiginal controlcosts.In anoptimalgrowth framework, reducednarginal control
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Figure 3: Optimal carbonfluxes over time for the basecase. The simulationsassume(i) hyperbolic
discounting(ii) atechnologicalnertiaconstraint{iii) learning-by-doing(iv) aninitial CO, sequestration
costof 100U.S.$perton C, and(v) areserwir half-life time of 200 years. The emissionsn the upper
panelincludethe CO, emissionsiueto land-usechangegequationl?2). Seetext for details.

costsresultin reducedglobalwarming(Figure5a)and,in turn,in reducecclimatic damages.

CO, sequestratiortan hencebe a valuabletechnology We usethe optimal growth framework to
estimatethe economicvalue of the sequestratiomption asa function of initial price andreserwir half-
life time (Figure5b). The valueof the CO, sequestratiotechnologyis estimatedyy the amounta social
plannerwould be willing to paytodayfor a sequestratiomechnology The valueof a CO, sequestration
technologyis high whensequestratiofs relatively cheap,nearly6 % of present-dayGWP at $50U.S.$
perton C andareserwir half life time of 200years.In otherwords,a budgetof 6 % of presenlGWP (as
aonetime investment}o successfullydevelopa CO, sequestratiotechnologyat a maginal costof $ 50
U.S.$perton C andareserwir half life time of 200yearswould passa cost-benefitestin ourmodel. The
valueof CO, sequestratiotechnologiesncreasesvith cheapepptionsandwith longerreserwir half life

times.
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Figure4: Optimal CO, trajectoriesasa functionof initial CO, sequestratiocostsandreserwir half-life
time. Theupperpanel(A) assumesareserwir half-life time of 200years.Thelower panel(B) assumes.
half-life time of 2000years.

Thebenefitsof CO, sequestratiomould justify a subsidyfor thistechnologyin theoptimaleconomic
growth model. Thisisillustratedin themaiginal CO, abatementostsfor CO, sequestratioandabatement
alonganoptimal path(Figure6).

In this example,CO, sequestratiors usedevenif it is (initially) moreexpensvethanCO, abatement.
Theuseof themoreexpensve CO, sequestrationptionis justifiedbecaus¢helearning-by-doingeduces
the unit costsfor the relatvely new technology In this example,it is optimal to subsidizeearly CO,
sequestration.

In Figure6, sequestratiors usedearly on, eventhoughit is initially moreexpensve thanabatement.
Suchusedrivesdown the costof future CO, sequestratiomwnhile capacityrampsup by the maximumrate
at which new technologiecanpenetratehe market (equation28). Around the year2150,the capacity
for CO, sequestratiors large enoughthatessentiallyall industrialemissionganbe sequesteredy then
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sequestratiotiechnologieshave maturedin the modelto the point that costreductionsfrom increased
cumulatve capacityare small, and we get the relationshipthat we would expect betweenthe price of
sequestratioandthe priceof abatemenasderivedin our analyticalmodelandillustratedin Figure2. The
ratio of thesemauginal costsis the maginal economicefficiengy of sequestratiomelative to abatement.
Clearly, early sequestratiorefforts are quite valuablein this example. In the nearterm, the mamginal
sequestratiorcostsare above the mamginal abatementostsas specifiedby the initial conditionsin the
model. In the optimal policy, the maginal costsfor the optimal useof CO, declinedueto learning-by-
doing. In thelong run, the mamginal costsfor optimal CO, sequestratiofiall belon the mamginal costsfor
optimal CO, abatemenbecausdeaky CO, sequestratiois inefficient (dueto leakage)andhencehasa
lower shadev valuethanCO, abatemen(similarto Figure?2).
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trationpriceof 100U.S.$perton C.

5 Caveats

Our analysisis subjectto considerablgparameteuncertaintyandthe resultsare— of course— sensitve
to thechoserparametersWe exploresomeeffectsof parameteuncertaintyby a simplescenarianalysis.
(Notethatthisapproactstill assumegperfectknowledgewithin eachscenario) We examinethe sensitvity
of the optimal CO, trajectorieswith respecto thetechnologicalnertia,the progressatio, andthe present
experiencein CO, sequestrationThis sensitvity analysissuggestshat the model conclusionsarevery
sensitveto theconstrainbntechnologicainertiaandtheprogressatio, but arelesssensitveto thepresent
experiencan CO, sequestratiofFigure?). It is somavhatreassuringhatthealternatve choicesof model
parametershowvn in Figure7 do not considerablyaffect the optimaltrajectoriesof CO, andcarbontaxes
overthenext few decades.

Our modelsasnothingmorethanthinking tools to analyzethe interactionsof the socialandnatural
systemin a consistenway. Importantlimitations of our analysisincludethe limited treatmentof uncer
tainty andthe crudeapproximation®f the naturalandeconomicsystem.Finally, it is importantto recall
two of our main assumptions.(i) CO, sequestratioms both available and safein large quantities;(ii)
Decisionsarebasedn a discountedutilitarian framework.
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Figure7: Sensitvity studywith respecto therepresentationf the progressatio (panelsA andB, param-
eterpr, asdefinedin equation27), theinitial installedcumulatve baseof CO, sequestratiofpanelsC and
D, parametecc, asdefinedin equation25), andthetechnologicalnertia (panelsE andF, parametety, as
definedin equation28). Eachsensitvity studycomparegshe basecasewith a high andlow valuefor the
parametem question.

6 Conclusions

OuranalysissuggestshreemainconclusionsFirst,theanalysisof thenetpresenvalueof CO, sequestra-
tion yieldsanexpressiorfor the efficiengy factorwhich seemsreferableo previous carbonaccounting
methods. Second,a subsidyfor the initially noncompetitve technologyof CO, sequestratioran be a
soundeconomicpolicy. Subsidiedor CO, sequestratioan help to overcometechnologicalnertia, to
reducemaiinal costsvia learning-by-doingandto increaseper capitaconsumption.Third, andfinally,
CO, sequestratiopresents potentiallow-costsolutionto thegreenhousgasproblem.CO, sequestration
couldreducemitigationcostsandclimatedamagesonsiderably
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