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Prices vs. Quantities Revisited; The lise of Climate Change

^ “f
Uncertainty about compliance costs causes spsrwise equivalent price and quantity controls to 

behave differently. Price controls - in the fo^ of taxesi^^,^ the marginal cost of compliance, 
leading to uncertain levels of compliance. Mfeanwhilc qua|(^ti!i>^'Controls - e.g., tradeable permits 
or quotas - fix the level of compliance, l^t^ng to unce||jipn marginal costs. This fundamental 
difference in the face of cost uncertainty i|i|||e^9j:diffct|nt welfare outcomes for the two policy 
instruments. Seminal work by Weitzman!tl9^^|ii||f|;|his point and derived conditions under 
which one policy is preferred to the other. " ’

Such a situation - where tax and permit policies have b^|||||||i8ed and cost uncertainty is 
pervasive - accurately describes the current debate concerning pio|j|lie8 to reduce greenhouse gas 
emissions, specifically carbon dioxide generated by fossil fuel coi^ibustlon. Despite the consider­
able attention given to the politick, welfare ^d revenue differeppes between taxes permits, only jcdotal evidence has addresse(iliii^b:|i^§i||!i|iE|pp^ about costs.

This paper simulates uncertaint^iiife wi lifegfai||'cil!fiiiB^ model in order to compare
the efficiency of taxes and permits. I^iiesults in#tate that ah optimal tax policy generates gains 
which are fi\e times higher than the optimal pe^it policy - a $337 billion dollar gain versus 
$69 billion. This result follows from the blsi'Weitzman intuition that relatively flat marginal 
benefits/damages favor taxes, a feature that droij|;:put of standard assumptions about likely climate
damages. '

An alternative policy,uses an initial dlstribiijlon of tradeable permits to set a target emis­
sion level, but then alliiElllfjpnal permits to bei^iurchased at a fixed price, leads to an even 
higher welfare gaip#Such a1S|ifm would pre^# the poliUcal benefits of a permit system - 
namely prefcrenti^'distrlbutionp l^M:,ensjitif|^ and the efficiency benefits of a tax system - 
e.g.. a hedge ag.#ft unexpecte«^||lp«f «is combined pennit-fee system may provide a 
more credible dj^iSltaltenisS'*®'* P"”"< *>"Ch couid prove too costiy or a pure
tax system whiathSilia^Igport. ^^
Key words: ylijlf
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Prices vs. Quantities Revisited: The |^e of Climate Change

1 Introduction A#*■'*'' ,r
Seminal work by Weitzman (1974) drew att||Uon to the ||t:;|hat uncertainty about costs leads 

to a potentially important efficiency distincstjpn between ||erwise equivalent price and quantity
controls. Despite this well-known obsBryalitiii||p|:)t$jtqilvance in the climate change policy con-

...,text, most of the debate concerning carbon taxes versuS'jie^^|iai^^pntered on poliUcal. legal and
revenue concerns. This paper attempts to fill this gap by cxaiiin||| the efficiency properties of

permits and taxes in the climate change arena. f
The buic distilKtioil emong ecompetive, profit-nmlmlilllg

world will tend to fix the marginal coStfpf abateijjjint at the specified tax level. In a world where
.'’F

costs are uncertain, this will lead to a rang»:pt possible abatement levels and emission outcomes. 
In constrast, a permit system will precisely limi|^miss|ons but lead to a range of potential cost 

outcomes. This differencpiiinncmlssion and cost oupjnes leads to a difference in social welfare
»he„coup..g,«h^li%Uo„h.ne«u.^/

In the case of|imato chang|:^||;^||i||t'uncertainty arises due to uncertainty about the 

level of future e^j$|h§5lhe IntergPvernmental Panel on Climate Change (1992) gives a range of 

COj emission levels in 2023i|||||p|n 8.8 |nd 15.1 GtC. The cost of attaining a particular target, 
say the 1990 enii^gipp level of 7.^' OtCg LWliil obvious fluctuate widely depending on the level of

future un^,i^iin6ttiiiu§^
In ,^ition to the ba8elihfei|i||Wever, there is considerable uncertainty about the cost of reducing 

em|||ons below the baseline. AjjlNy by Nordhaus (1993) reports that a $30/tC tax might reduce 

emi*8|;at|i:apywhere from 10 tOi;40%. While some models predict that a $300/tC would virtually 

eliminate eml88ibp|S|;pther models require $430/tc. This wide range of reduction estimates only 

compounds the unceirtidh,^! ^ut baseline to generate extreme uncertainty about the cost of a 

‘Fellow, Quality of the Bnvlrbament Division, Resources for the Future.
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particular emission target.
With such motivaUon in mind, this paper adapts a|i|piiliii||iteda8sessment model (Nord- 

haus 1994b) for analyzing alternative policies un^|uncertainty. simulations
are sped up using a technique developed in Pizglpgp and uncertainty abou^ju wide range of 

model parameters is introduced based on both J^brdhaus (|994b) and Pizer (199'6), Key modeling

assumptions are discussed in the next sectioq|vhile specifi9|lrd'covered in the appendix.
Before presenting the dynamic policy;|p|jiJt5„ in Section 4, Section 3 gives a simpler static 

analysis. This analysis, following Weitzrtian (l^ij|s§||m^ginal cost and benefit estimates de­
rived from the full dynamic model to examine optimal poiiCyi‘iSlpIiji|ie year (2010), This simple 

static analysis provides the intuition for the full dynamic policy an^ysis and closely replicates the

dyn^c in to S|p|p||||pi||f
These results indicate that an opti||al permit p|ui^ tlv0uidi3i!>egln with a 13 GtC target in 2010 

and would rise gradually over time to acO|n)oda|i some growth. This policy generates $69 billion 

in expected net benefits (e.g., benefits-costs);«i||portantly, this gain is sensitive to correctly setting 

the target. Slightly lower targets lead to dramatib|)!V9lfarB losses. Meanwhile, the optimal tax 

policy starts at $7.34/t^^i|i^ij|iipd rises gradually^i^er time. In contrast, this policy generates 

$337 billion in net ,|ehefits and l|(|gain is m^|)jil|^l sensitive to miss-setting the tax level.
As an altern|t|^^|9^ Ac purej|||jii|||piliifpolicies, a combined permit-fee policy is proposed

(Roberts and ^phci:;i|||||(||i|pan 1978; McKibbin and Wilcoxen 1997). Such a mechanism 

would involve an initial diis^ii||i!i^fiiUj|dlable permits with additional permits available at a

provldegPe'political ad^i||ii^.of a permit system. Namely, permits can be distributed to existing

emissjbn sources to reduce the liability they would face under a pure tax system.

i?
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2 Model Overview 

2.1 Description

# :

Jlliife,

Ii..
The integrated climate economy model used in tt4|:(i’Klysis is based on a styll|| representation 

of economic activity and climate behavior. Thif stylized approach, based on hlordhaus (1994b), 

is appropriate given this paper’s focus on un0rtatnty. Whp|i^Biilditional detail might Improve the 

results for a given set of assumptions, it is ^at suplembellishments would affect the range
/iisif!of predicted outcomes or the insight condii^rnirig oij|||pii|^lji|:y choice.

The economic model is based on one-sector model or activity. Global capital
and labor are combined to produce a single output each year whicllis either consumed or invested 

in additional capital. A represeq,tet|,ye agent,,ch^|s an alloca^on of consumption across time 

which maximizes her utility.
■'■'I?, M ,1:!'

Climate change enters the model thr^^gh t^el emission df greenhouse gases caused by eco-

nomic activity. These emissions accumu]atii!iiii(f||iithe atmosphere and lead to a higher equilibrium 

temperature. This higher temperature then causei,d(^ages by reducing output according to a

The opportuni^lito reduce'^||| effect of change arises from the potential to reduce
emissions of gr^jliouse gases |yiu|t!lSj|i:li® production technology. In particular,

there is a cost the reduction in output required to reduce emissions by a given
fiction. This cost is bom1ii^i;i||f^g,period, while the consequences of reduced emissions

aiiine ““Api^hdlX ^ descHbeii^||)del in rhore detail.

■ r--' "'-'Ifl

iyfhlii^ii||ji!i||l^ua section gavt^jli broad picture of the model and the appendix provides a detailed 

picture, it usefiil assumptions in the model. These assumptions tend to drive
the results in spite of the f^ge of uncertainty considered. 'Ddile 1 compares this model with other
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r
commonly referenced economy-climate models and is fol|b^(s,^by adiscussion of the major Issues. 

2.2.1 Trends •ii"

An important issue for modeling long-term phen(^fe^,)®treatment of trends|ln particular, as- 

sumptions about exogenous population growth^;|roductivj|t^ improvements and changes in energy 

efficiency/carbon content will determine thellaseline of unbibni^6llod greenhouse gas emissions. 

This model borrows from the work of Nordhiifiand Yofae (1983), Nordhaus (1994b) and Nord- 

haus and Popp (1997) to characterize the range il|||l;||0||ulation ^d carbon content trends. 
Those same sources provide estimates of a future productiVliyi|i|ib|||f slowdown. The initial rate 

of productivity growth is based on economotric estimates using U.$ldata (Pizer 1996).

CHHCK NOK.HXUS
AND Yoke cites; summarize N0RRHAUs/IPC;<S'ifiCtibN;iON emission trends.

"I:. J
2.2Damages

Damages are perhaps the least understood aspect <|f:|||mate change and at the same time one of 

the most important. Ihi:|iiiii|||||l, damages are moi^led as a quadratic function of temperature

change, in turn detblnined by conce|itrai|9|il The model is calibrated so that a three degree 

temperature ch^||f equally lilj|||i||iiiliilil^i^^ by 0,0.4,1,3,1.6, or 3.2 percent. The warming 

due to a doubling of |{rieipi||iii;;|M concentrations (due to occur by the end of the next century)
............... :i-is similarly calibrated to be eitiiw:;:l:j|if|(;|||j|jj|;9,3.7 or 4.4 degrees with equal probability. 

sugges|y|fg a relatively flatihiilitinal beneht schedule. The first is that climate damages are a gradual

pheriphiena (represented by a (jtfftdratic function). The fact that damages from increased GHO

cQijBin^qns rise smoothly and[|radually contributes to a relatively flat marginal benefit schedule 

(b.g., niaigiln^|icpp||es from iinCreased emissions). In contrast, a damage function that involved 

critical phenomena^-s^ch:^ the breaching of a concentration threshold generating dramatically

higher damages - would lead to a much steeper or stepwise damage function (though uncertainty
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about the threshold level would tend to smooth the expei^id^amage function).
The second assumption - which is less controversd -iSi’lSil||||i||e8 are related to the stock 

of GHOs in the atmosphere and not the annual^w. :f|js contrasts with^#si^|i[|^j!i|,p|iilutants, such

as particulates, SOx, NOx, etc., whose damages J^^|ted to annual flows.^ Splc pollutants by 

their nature will have relatively flat benefit cui^ associaf^d with reductions since the reductions 

in any period have a relatively small effect up the total st^p: If the total stock docs not change 

much, the marginal benefit cannot change^^||fe^^^^^^^

As an example of this stock pollutant phehbmapt^i|i:ja|i^^ a pollutant, like carbon dioxide, 
whose atmospheric stock decays naturally at a rate of le8s'Pii|i|||fepr year. At an equilibrium, 

it can be shown that the emissions in any year will equal to 1% qf the total stock.^ If marginal 

d^Hno fton. ov„ balance o,
the stock, the decline in marginal bdiii6|ts over a l^^’!i^i[li!icti|h in emissions in a single year will

be only $0.10(1% of $10).

In the absence of a compelling argumeiiltljiiat climate damages exhibit sudden, catastrophic

increases over a gradual increase in GHG concehtfil|pns\ this fact that GHGs arc a stock pollutant 
turns out to provide a.:®n|||^ttonale for emission'tixes via the flatness of the marginal benefit

Jill?'2.23 Costs

Reductions in GHG emissiohif fi6liihji||p|iy6^ baseline are assumed to reduce global GDP accord- 

'!?■ fractionfil reductldn;(ibglobal GDP = 6, (fractional reduction in GHGa)“ “”

# II
r

whfciiithe parameter bi takes on ^e values 0.027,0.034,0.069,0.080,0.133 with equal probability. 

That is;'obmplbte::elimination of GHG emissions is forecast to cost between 2.7% and 13.3% of
»1b some extent

a suitably small tima-scale.' Pidn^|q|^entional pollutants, this might be a period of a day or a single hour. 
^E.g.. annual emissions will |j(lctly equal the annual decline of the stock -1%.

distinction. Any pollutant can be viewed os a stock pollutant when viewed on
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global GDP.^ ,;il'

More important than the particular numbers enteriiffiei^||||g|^^^ the assumptions that 

(1) marginal cost rises more and more steeply as adtjltonal reductions and (2) that

the choice of emission level is an annual declslon|nVf)iffig an annual cost funci|n. Both of these 

points are crucial because they affect the relatlyl slope of^inal costs (in turn affecting the di^ 

ference in expected welfare between taxes ai^|j|ermlts). If, fdr ex&tnple, we believe that substanUal 

reductions of GHGs will involve the deve^l|i|^,of neW;'carbon-free technologies, it seems rea­

sonable that the marginal cost of reducing emis9ibfi|||i|y|ptually flatten. This will diminish the 

argument that marginal benefits are relatively flat compareti Sib|$ii^s:ijMtemaUvely, many decisions 

to reduce emissions - such as those reductions resulting from inves|inent in Innovative research or

benefits should be viewed over equall||png lhtefv|i; tiy|i^cning the argument that marginal 

benefits are relatively constant. -I'

3 Single Period Policy Simulations '
,r'Given the long-term jinneechange, a policy to reduce GHG emissions inevitably in­

volves decisions gfer periods of J|^|Pc|^||^|;iowever. understanding the differences between 

GHG tax and |^|||:|ii]rtepl|(pnis^s‘^u^ uncertainty is complicated when policies are viewed as 

paths for tax and permit iiSij!|tefhan single-period, single-value choices. With that in mind,
this section prwpp^ results for a sfn8l||Hod policy analysis - reductions in GHG emissions in 

the year 2^|(j^^^ihiiiiiir||i^i(^;^dimension;|^ the range of policies in this context, graphs can

be usc^i^b view policy consi|ijl||lice. The next section will discuss the dynamic policy results.

•ii'

,#

it Result 1 

.J?"The analysis pres?tjt|4;^ ,W^ concerns the choice of policy instrument used to regu­
late a market where eitl^!|||!ltical considerations or market failure requires government interven-

*Sea Nordhaus (1993) for fuller details.
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tion. A price (tax) or quantity (permit) instrument is at t|||pmment’s disposal and the question 

posed by Weitzman is which leads to the best welfare |itcoitii^|^^ M net social surplus.® 

With complete certainty concerning costs. pric|||d quantity conttii::||;|||;|^d to achieve 

the same outcomes. For every price, there is a p^||^^ximizing level of produ|iion where price
Ail'-"'

equals marginal cost and for every level of pr^Uction the^re is an associated marginal cost. Note 

that while uncertainty solely about benefits l|fis to uncerta|JlilifBre outcomes, it does not lead to 

uncertainty about the level or marginal cqippij^ctiqil^ these are determined by the structure 

of costs. Therefore, the two instruments'(whicrii||||||i^||tion) cap be used to obtain exacUy 

the same set of potential welfare outcomes when costs a^St|v|i|i|ibgh the welfare outcomes 

may be uncertain due to unknown beneflts.
:■

The Interesting case arises case, fixing the marginal cost
through a price instrument leads to 'S| ;t|ncMM l|^^ Correspondingly, fixing the

level of production with a quantity instn§nji|nt le^ to an uncertain marginal cost.

Weitzman’s basic result was that price iiiiiijments would be favored when the marginal ben-
''"Ih;;.

efits were relatively flat and quantity instruments %ql|be favored when the marginal costs were 

relatively flat. In partictt)|t|||!||i:ived an expression fpr the difference in expected welfare between

where <r’ is the variwice of cost schedule, C" Is the slope of the (linear)

y ”“8“
margirndllitiinefit scheduleiij^j||bumed to be downward sloping (B" < 0), the price Instrument is

prefeiijitd when \B"\ < |C"| aiidll^e quantity instrument is preferred when |fl"| > \C'%
||je;jptuition behind this resjilt is that when marginal benefits are relatively flat (|B"| < IC"!), 

the ex’fbiii(liii(|^hj!r:.fl^^ uncertainty is resolved) optimal price is relatively constant. In contrast,
“Here and throughQot;lt)i|i;;ni>l!m^ that the quantity instrument is an effident quantity Instrument; o.g. a tradeable 

permit system with negligiblailii|l^i|i|ktion costs.
®This result is derived for thicase of linear marginal costs and benefits, where uncertainty enters as small shifts to 

each curve. The uncertainty abo))it costs is assumed to be independent of the uncertainty about benefits.

8
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Figurel: DeadweightUssof
Shallow Marginal Benefits Favor Thxes $teep Matgfii^:|||^fit8 Favor Permits
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when marginal benefits are relatively steep-(l5"| > |C"'l), the ex post optimal quantity is relatively

constant. Therefore, fixing the ex ante price when the optimal ex post price is fairly constant and 

fixing the ex ante quantity when the optimal ex p^i!|^j;|puantity is fairly constant leads to smaller 

deadweight losses. Thipiish^lhiiyisually in Figure It

While there are a nuiiibieii:; |j|il|||!|j|n| us in the Weitzman analysis which are inappropriate

for examining climate change bolidy,:;i|ir|imalns a sensable starting point. How do the marginal

costs and in the year 2010 compare in terms of relative

slopes'll in order to answer ihf|||;|^estion, the integrated assessment model of uncertainty outlined 

in S^tion 2 and described in |etail in Appendix A is used to compute two quantities. First, 

th|i^Bl|Rar(p:^soci with different levels of emissions in 2010 is computed in net present (2010) 
vtdue terM fcUiiilyocal thousanil r^ trials. Marginal benefits are computed by numerically

differentiating the dbn!V«i|||«|iiedule of benefits. Second, the cost associated achieving diHerent 

levels of emissions in 2010 is computed based on the model’s cost function for the same set of
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Figure 2; Distributiou of MergM in 2010-
Marginal Costs
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or below the indicated level. In thjj« ,c^ whOT pcqnUOlW ^ below the indicated level, the marginal cost is zero. Marginal bifidjimilijSwii^^ of the net present vdue of
forgone damages at the given endssid^iii|^:'1hl!Sd"rol||blib;dB^ constant all future emissions at
their baseline level. Values are expres8ed iih:j(2010 and, due to differetit discount rates across states of nature, 
will not be weighted equally when balancilijispsts andipneflts.

'%#■

randomized trials. This cost is similarly nnmeSi^ly differentiated to obtain matginnl coats in the 

year 2010. In some trials and for some levels of erflissipris, the cost is zero since the given emission 

level may be higher tl^:|i|||i|controlled emissiols.

These two caldlations resulf | a dis^|pj#marginal benefits and marginal costs at diffe^ 

ent levels of emi|^,,|ii^rB 2 these distributions by showing how different

quantiles of raargmai ’^|^s|^’ii^^ vary over the range of emissions considered. Keeping in 

mind that 1990 GHG emissiS 8.5 GtC, the left-hand panel indicates that achieving

‘"¥= ““ “0
wide rafl^; This large vi|^||)| occurs for two reasons: (1) marginal costs are assumed to rise

Steeply given the specified coi|^gj|nction, and (2) the baseline emissions in 2010 are not known
ifiv. -wJ^iH^nty. This panel e8sen|(3ly depicts a distribution of fairly steep curves whose horizontal

The right pS-iSi indicates rather constant but unknown benefits. As suggested

earlier, the fact that damai^s due to GHGs depend on their stock in the atmosphere rather than
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Figure 3: Expected Marginal in 2010*
20 mc\\
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emissions in any one year - and the fiii^bat GH^ remain in^ttie atmosphere for a very long time 

_ makes marginal benefits insensitive to of annual emissions. For example, in 1995 the

concentrations of GHOs in the atmosphere was',760 GtC and annual emissions were around 10
'■la?::#

GtC. Therefore the diffe!^g|i|in concentrations between no reductions and 100% reductions in 

any one year is smajlS miliii|junlikely that the m^nal benefit of the first ton of reductions is

much different tlg| the margim|j^|||gi||l ton.

TWting exp^^||i^i:|^t08apil^''m costs and benefits yields the schedules shown in 

Figure 3. Under Ihe by Jstanian, the optimal permit level is simply emission
level where exp^^ctl ltli^inal beiiii|l||y expected marginal costs and the optimal tax level is

similarly that int^section. Thus P* and Q* indicate the optimal tax and
■"'P

permllpolicies in 2010 for chilling OHG emissions0
dually, it is apparent that cf^cted marginal benefits are flatter than expected marginal costs.

slopes at the in|rsection. B" = -0.0012 and C" = 5.4. Further, setting (7=* = 

var(MCUiM^ii|i^^)! allows a rough calculation of the welfare gain of
taxes over permU, u^ll^i = S(-O.OOi2 + 5.4) k $26 billion. Discounting this to 1995 

(the base year of the mod^t) with a 6% discount rate generates an estimated gain of $10 billion
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fFigure 4: Histogram of Uncontrolle^ iOJ^Biryssions Levels
300

250

„ „ 10 12 14 ie 1B 20 22
GHO emissions (OtC)

on 7.4 OtC of CO2 afl4iU GtC of (p. 71. l^^rthaus 1994b). The 1990 tmWo.. coiswond W #(k- 1K:(;:(1992). 12 .ring
a factor of 1300 to convert itons of^s Into tons of cwbon^uivalen global warming potential (01W) (jiishof and Ahuja 1990). The optimal 
2010 permit level is discussed 111:1% text.

:ifrom ».iog insmad|^ - j»»t in «» y«|i0.
In addition to tho#iSe|peirencB. it U intercsiing to compare the optimal quote in 2010 to

me rmige of actu#issiona. ““

optimal 2010 p^f If jpl. endjpaifctauon of uncontrolled emisslona in 2010. Rouehly half

of the emisalon™>h«ion» <’«'■>»' >1» <'«™“
around 3% below the 1990 l2|lii|||>plementlng the optimal permit policy would result in

non.bindinggi#ijS^^e. ■!

the optimal peS||^licy so loose? Intuitively, uncertainty about baseline emissions 

is l^e relative to reductions alpa large amount of reductions is costly. Therefore committing 

tq;||||i8«9n target which is Ihost surely below all forecasts (such as 1990 emissions levels) 

Will invSvii3|^^,liigh costs in the event of high growth and high baseline emissions. These 

high costs, based ^'oi^jtighest estimated benefits, lead one to prefer a less stringent (higher)

target.
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Figure 5: Welfare Consequences of Pure Tax Instruments in 2010
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While the previous analysis based on ^ig^ 3 prt^iacs impor^t intuition and a rough approxima­
tion of the welfare consequences of taxes %;,^ts, it fails to capture several important failures

of the Weitzman assumptions. WhUe the intuSiiji^>ehit!|d these failures and their individual con-

. ... ,sequences is discussed jmpdix C. in this sectio|feir net effect is summarized. In particular.

---------g:-"' -—"Ifei'spps- -
tlmal to Jp'taSn, 1. much !ue« than the gain ftom the optimal permit

the net welfare gain!#iii|itax and permit ||lioiea ate shown in Figure 5

These resuUs Jtply conlln|j|j«||ipgure 3. Nmnely the welfare gain ftom dte op-

instrumem. a^d SlifegRugh fte rough calculation using Weitzman’s formula sug­

gested a dl«eimicje.of JIO bilUom many reasons why Weitzman’s result is not exacUy

Fif^ire 5 also indicates a ||||e risk associated with setting an emission target Incorrectly - 

spe Jcally setting a target too'i|/. While the net benefits of a tax are positive for a wide range 

zero to $20/101#, the net benefits of a permit system rapidly become negative 

as the target At the proposed 1990 emission level, 8.5 GtC, the welfare gain
is below -$10 bilUom ®|j^sult is a consequence of reductions becoming extremely expensive 

in the high-emission states of the world. Thus, an important conclusion from this graph is that
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4■f
low argots could be ptohibUWy cortly WhUe wioptli||5^ optimUtic view oboa the cost of 
reduction, might weskon this conclusion, it scorns ulpapiS^^Or «r.^nding m™ 

such optimism would allow a complete reversal.

# '"lab...3.4 Combining Ikxes and Permits
Na long oftor Weltzmm's originnl srticlo, |wral author|iiostod using . combined foe aid

permitpolicy(Weimn«,imRoboraa^^?76|Smgulao.narket.ThaU^
h„e . Choice of either obaining . penit or^|l|||*ik|,fee. Sjtch . sysam waits like a 

permit sys«m by fixing emissions as long a. the margin^m|||the price of the permh) ties 

beiow the fee level and waits like a ax system by fixing marginal&st whan maginal cost rises

like pure tax mechanism (since permits t^iiev^sed).
Even ignoring efficiency concerns. salS^schausm has considerable appeal ta the climaa 

change conaxt a poinad o« by McKlbbin arfl!pdt.xen (1997). Relative to a pure cabon 

ax. U effectivaly exe«|i%nt of taxa on fi^Soluna of emission, in 1990. This would 

lowa da cost to iplstry by %10 bUlip,^^# U.S, alone.' While it would na neccaafiy 

stabillxe emlssi4«s policy ^|P«slons below their baseline aid ,ula poaibiy be 

more effectlvp/iil||^,V««=y «'>ich I. later risandoned as too costly The fact tha
,„vemments would receiwUfcpi#®
whichiaab«.gi^..ys»nf»«y.»M^^^

contril to a pure permit systllihvolvlng complex ImemaUonai trades, a permit and fee syaem 

CO JLndopted domesticafiy | non-participating countries without Intemaionai negodalons. 

du'nlii&isO todia imd Clfiha. which are unlikely to paticIpMe inltirily in a climate change
agreemait. w^JiltewStional incentive of f«i revenue to enact such a policy in die future.
--A.poi.leloWi.into'^^lednsUwi^'^alhnn.ahlawcouMdmbmlnu.en.aw^^
(Oouldef. Parry, and Buitraw 19i>6).
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Importantly, the efficiency gains of such a combin<^|^f!^anism are large relative to a pure 

permit scheme. As shown in Figure 6, the gains f^liti^|||i^t-fee iriKhanism ere 

rooghiy the same ss . pure UK mechanism, but r|||tiy ten times tl|i|^£ pure permit 
mechanism. It is interesting that the globai optliMtogJS GtC permit volume'^ $7rton C ta* - 

is quite close to the proposal suggested by Mc^bln and glcoxen ®

v!-' ■:!?'.#■ 

-S'4 Dynamic PoUcy Under Unce^^ j

Up to this point the analysis has focused on the costs1ill|&|^||lftcrcnt policies in a single
year. TheprobieroofcUmatechange,however,isspread out ovSilpdes if not centuries. Policies

to combat climate change are therefore likely to be in place for n^y yeara. It is not immediately 

obvious whether the resulU conUpWIpHif

plicablc to a multiperiod policy.
In this section, optimal paths for taxe^|rfts and combined permit-fee mechanisms are ex­

plored. In addition to considering the not welf^isonse^uences of these policies, results concern- 
ing the range of cUmat.— and compliancelf (ignoring climate benefits) are presented.

4.1 B»en» Ergons 

Before explori#g:i|^5|d^^i'Pofei«. '•» «!»>« «»
the results of other roolll^j|ugas-f-“«"‘l assumptions. In particular, the IPCC (1992) 

gives six forecMg^||nture emiSililirios for the major greenhouse gases based on a range 

of .....mg^liili^lnbal population and productivity growth. Figure 7 shows the IPCC 

toecailwinst the range $%ed by the model presented in this paper for the most Important

:f" . Wigredi|house gas, carbon dioxide;p 
. J||fe|5^ast, tend to j^l between the 25th and 75th percentile in 2025 and between the

5th and 7pip5(^210^" median of the IPCC forecasts remain. ,ulte close to tire 50th

■Tt.ysJwicMwllWoa^ljUl.iJlMiienall's.luiwiccapteUwlih.tlOtoCto
GHG emissions were 8.5 GtC. |
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Figure 7; Simulated CO2 Emission Disti|ipi&R:;y8 IPCC Scenarios
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of «» ,lmula,«. — level. «.«. «leiive » «»IPCC f0rec«e,«»

Moilel in ihis paper pr^||!«« «"«> •"

for«:«a«. b this Jteaioniible? Ilgilii*;'"'

Fir.., u 1. «»< •>» ‘
prer«lo„. Tlie, ere .3^|gS^.ce„nrlo, combining . large number of —e 

a^umpuon, oon*inif: Tbelr blgb emission scenarios, for exan^le. allema-

lively co.nfiiSiSliilr-*'^
FurthSe underlying grow%ec«i.s Ununselves have no probablllslie ln.enue.abon.-

ieond even analyse. 4... liveli-grounded inprobabUily ofttn undereslimab: Uie probabUny
^^SyOu«,mpbeno|nabasbeendc«un,en.edlneve.yU.ingfrmnUK^^

5S5ei;S3'Sry^^jSS«icS:Udln.9.9(.104S,U^.I.ep«»e".-I<^"^

of the Census).
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.f-'physical constants to the forecast of future energy dema^J^akhter and Kammen 1992). Such 

„»lu to foreoto with “thicker uils“ ,re|ii|ii^p; toistk .tercripti™ of

Ito,outcome 4,

Finally, the time horizon under consideretto^iPS^to hundred years - ii|kee any toreoast
based on historical data somewhat dubious. impUe,i^y assumed to historical trends will
continue with no structural change. When h# history of^mrid have such periods of stabUity

~ “

4.2 Optimal Permit Policy /

1—mentation). 2020. 2040. 2070, 2110 a%6(^lolicies in intervening years «. taken smooth 

interpolations.'" «tcept the Mringency in 21^hich Is allowed to be dlscontinous and i, held 

fixed through the end of the simulation (2245). f%^h of dte slmulaUon as weU as the spacing 

of the policy panunejgtftl^ively chosen to^te the policy evaluation in the 2000-2100 

interval as acourat#possto^iall)^ttg|0S^-2“<>
The re.ultin|it^P«#|i»*““ S'"-*”"”

Wed level. Is siS“f4li»l-.Tl« PoU")- i» "»< known with certainty due to sampling error - 

only 8,000 st«es of namSthe policy (this could be reduced with «ldlUon4 

compuring pp#i‘5i.!S*^.>y- -k" #■“' permit level of 13 OtC In 2010 is roughly the same 

a. the ^tSiS^ned in the statie anslysis. ThU is not». surprising given the fact
Wat «al emission reductionslh not substantlaUy affect GHO concentrations for many years, at

wl^ii&pplnt the discounted benelts in aiuiu wm

llihsuntolylnsDICEntodsllstlaU d«n,»e. „conUnuousmdh«.b«»ecc»i.s
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#

Figure 8; Opttmi»d Permit Uve|^||Policy 

/ line, indicate 95% confidence iiit^)
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y®“
1-- ..Ml ;.ai. ■"*'

Mimportm.tob«r,«icni.tfiattS|^p...||»^ 

g 5 GtQ ic far beiow the optinm. permit i^|. fi«» simul«lons. Fnrthen the opUma. permit 
level rise, in the two.. «. «moniodate growth ttf^«ion and per capita productivity. While 

dii. ichid of policy miggiif Ignore the poasif ity that a carhon-fte. technology ^

d-5 OpU”"!!®:*?., "'ll'

level itax policy effectively the marginal con of emUrion reducUona. Consumers and pro- 
dud facing a tax on greenhoi gas emissions will reduce emission, until ti» cost of reducing

Jiigiier^al, die colof paying tiie tax inateni. ff coats are pntM^
, , ■■■.£. isr...„nrwalyaaperiaiKlasiheconseqaencearfglobtiwanuiag««l

since the flJlS,minat6lv concerned with reducing damages for roughly the next 30 years.

be compared to annual global output in 1995 which was $24 trillion.
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specified tax rate.
Figure 9 show. th. tK policy »hich mwi%c?pected wclf.ro. The initU t« of J7.35 

i, clo« ». bu. .ligh.!«|it|p. «» •«
per.Upo.ic.whi#K»2*ic.i-.p^#o^

eon^t ux propo^^ higher enrl«io.« » tt« economy grow. Whrle

«,me incre.ee in emi«ionlii|i^?.#" ««>«>» *«-«• * ‘

Uierefore i" P'™‘ “““ ■” ,
An diiii%ween mi »d permit policies is thm tmres do not provide . strict

iimittiCnission.. This, hov% should no. he viewed strictiy ». weehnessi rel„ing the level
of4»io».«hencos»«m,oui^b.pmiculmi,hlghi.d.slr.bl.ifth.ben4i.softedu^^

J|H(^,B^re 10 shovlihe disWbutlon of resuUing emissions wiU. »d widrou. dte hut 
policy. No3SS|ifcw4rn«t policy is norhlnding over 75% of die dme (it lies shove dm 

75th qumitil. of b«elbie|lsion.). Mcmiwhile the opdmtd hut poUcy lewis m emission. 4»ve
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IPi„.,r. 1ft. Distribution of Emission Level|iiaw.^temative Policies
® lUUr—1------ .-T '~1------- 1-------r ! 1

^ f
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• llltMIM
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25ihqttuiil«

20t0 1020 2030 2040 2060 *060 WTO 2080 2090 3100

the opttmal pemtt level betweett|^||gp^||i^,|,*«|jF
Phteu,. If welf^e improvemen^^ilSia|li»i^^ •»« w4f.e hn- 

preven,ent «ne«n» .0 $338 bllUo» -eo%ed f69 for thei«nnU ta«n.me„t (the st».derd error 

hr this CBO is $21 bilUon). •Ws represeno li()|mproveiiteirt live tiroes highet then that obtained 

«ith the permit system - a srodler ratio th«r the^^pf dgW ib^mined in the statio analysis.
Why roightpermitgiii^uy b«ter when *ved over a longerhoriaonV A. pointedon. 

by Weitzroro. a974jSnddiscS||l«erbyJa?|9i(1996), oegative correlation between margroal 
„,«s rord be„e8A,d. to a pr^# W*ijfMty instrument. (e.g„ permits). In the case of a
stoohpoUutmJSSiiW^
Of time due to uncertrontylafSjIhftItfdto When baseline emissions are consnrtenUy low,

dre pouutant *t«lS!t»^W >“ ““
emissiopfSii^y siS%!0 t.rp.f'cheaper to obtain. TOs iwsumes that baseline emissions
ino.,^i«iodroecorrel«.d;i|.seline«ni.rion.inoroerp«iods-.lil»iyconse,^

ft: . . _-.1 m-nwth" versus "hiBh zrowth” scenarios.
un
.ift

on,».;ponou on? V n,;
,^ty rtiout future growih|modeled as ‘low growth” versus ”tilgh growth" scenarios.

;-r.

."S«;StaSlllfeilf
• II
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J
Figure 11: OpUmal I„i,i4 Penult Di»ributionp|ggP.mUUF.c System 

rdashed lines indicate 95% ^
—I—!——!—! ! r

1#-:^, ir
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4.4 Combined Peiroit-FeeMechanlsl|;
1/

An dtemmlve to the pure tex mid permit systSI#****"' “ f“ >“ >*™'"

end fees. Such . system imolves m. InitW Jlo«difcglW™its coupled with . price m which «1

..................... . _____ _______sp6ii%.mment. The ini| distribution involves .qumttitymechmnsm 

whiiethesuhsequIfW^blfiii^ Since theInitiddistributionesnbe

set to m. mbitrmilMl numt,ii|Siif-d the subsequem .me price cm. be set mbitmriiy

high,thecomb£d^ii^*^c»be™detore.embiecithermepuretexorp^

Tb explore this ponubiUW^fK^t^t sme price we, sm to the optimized
welfere wg*|g^id over aifiteUve ievel. for the inium pemut distribudon.» The

resuitrfptirnm permU ll%hown in Figure 1 i. There U . much higher degree of smnplmg

erro^i the esthumlon of d.c o||i.al permit level. This occurs because the rnarginm effect of the 

po^derived only from thoistttes of nature where baseline emissions me above the permit

are ^bw the tm. - dUs turns out u, be a relmively smaii ftaetton of 

—turned out to be troublesome due to the sample size. By using
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.iF-; t .

U.= s».plo remits in . l«*e nrton'* U» opUmd initid p«mit tevel
^.e.o«io..i^.n«on.nv.,(S.5aC,ro,^H^-.^^^

i„Utiddi.tribuUon.o8.5G.C.lnf«th«.n.,liglb||f^
c«). Tbe ,dn in «nif« i. $339 billion ibr permU-fee policy ^ billion for

_____ k.stvi urith a Atandard error ofcase), me gain m wouai^r *<• ............. ........ , ^ /y
.p„,icywW.«iniadp«nm4«rib«donof8iaCincy^riob,bo.bwim.««^

$20 billion.

4,5 Costs Only Comparison
..Tbopnrpo*ofUusp.pcrb«b«nu,comp«cd..n.J«i^cpolicyin,—

. .cbic of n«d».i«Hon. lb. mdn concl..lon C ml. s#y 1. =«»"« vl«r of

cllmd. dnn».c. lead, .o . 1“ «“ P—
mi. ,cnor«e.. P-fOrenc. for M«|»nm - or «*n bc«en . co„m.n«l

permit-fee system. _
However, in order m p«fbrm mis ^dy^Sl ha* been necea»ry ,o lean on r«her specnldwe

Bssessmenm of cllmM. dMnages. Even while allo%|fir considerable uncertainty, the underlymg
.tructure of damages,i|ij||uie <bneUon dep«4ing on mmperature chmtge - has not been

. ,< ■ ih'c iSer This S tend to ca$\e^ doubt on the welfare calculaUons presented
,„e.tloned.nm.s^3b..J»

insupportofmed^tsiwdvepoll^fsw^
Por mat jmmS?- *

vious sections. Th« is. '
'naN u iBihiMliiilonly the cost Hfite different reduction strategics is computed. As high-

Igb.ed,j51?^|| 1» W » beep b. -W
dlfft^ emission consequent^ wen. The tatetpretstion of mis messure is m« it reflects me 

of esch policy in tf event mst mete am. in fact, no conaequenecs to globd warming. 
#|ip||||ggtq which h^e lowest net benefits, also has the lowest gross cost. Intuitively,

me policy simp|'Hiii®|5|i*''"any stales of nature since it is only binding 25® of the time. Hie

sampling error could bl iltduced with additional gimulalions. TTil* increased uncertainty can also be observed 
in Figure 6 as a relatively flat rldUe for a wide range of permit levels near the optimal tax.
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fTibte 2; “Coa-only” CompurUon d|||ra«^ PoUcies 
(measured ir» $1989 billions; standard feiffor^ii'^wredtheses)

permitsystem ta;i^i$ystem pernut-fe^'ayKfepi;!;:;i> 
benefit-cost^ S9 ^39 * *' '

(16) (20) 
cost-onl/ -151 ,i ' -187 ,.^^ -170

(5.5) Jr (2.7) 'r'i-ii:;:.:-,,,. (2.7)

when daniages are ignored (both in the baseline welfarb S«iiHi||ibn8 as well as
for the given policies),

uxpo«cy.»bichh.™ohh.,heS|||||^^||||f^

inevitably in the other 75% of the stateg gf nature, ^htive to tl|?pcrmit policy, where the tax policy 

has some effect. Finally, the combined pbi|iut.|e system is only marginally better in bcncfit-cost 
terms than the pure tax policy, but cuts the g^b'|g cost difference in half. This cost savings arises 

because in those states of n«ure where permit Either not binding or marginally binding,

less aggressive reducfj^S i|||fcrtaken. The fact th^ the net benefits remain virtually unchanged 

indicates that this sCkness in policy U^oc^gig in states where marginal benefits are roughly 

equal to margin^iq^^,,..
Perhaps thlmolii|||i^^ati^^ from Thble 2 Is that while the benefit-cost comparison 

shows taxes and permit-fee sysilSil|p^iuch more efficient than a pure permit mechanism (a 

factor of ftvgfiiiiipirence in'|ts is much smaller - at most 25%. Tliis suggests that 

concerniioul a tax sy8tcli|||ig out to be much more expensive than a quota or permit system
ism#accd.‘« ‘1|

i«ii|:«atament. of cour», i. in rA>tM to ihc coit difference among efficiendy implemented policies in a first- 
related to co8t-effeci|yencs8 and second-best distorUons are not considered.

............

'■i;r
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#

5 Conclusion

Discussions of alternative tax and permit mechanism^lijr conibatiiSi||||p!|||n^ ^jpve generally 

ignored the fact that the costs and benefits of futqrci||uctions are highly'iih(ii||Pnty. Such un­
certainty can lead to large efficiency differencesiiJiwiSn the two policies (Weitiman 1974). This

paper has explored this question in the contcxtj.^f an integrai||j|j:||mate-economy model capable of 

simulating thousands of uncertain states of|ii|ure.
The resulting welfare analysis indicsitiii^iiii^^ much more efficiently than permits

- by a factor of jive to one ($337 billion versus $69 Si! i()||;|ilnp|5|^es from the relatively flat 

marginal benefit curve associated with emission reductions. Thilpamess is partially a product 

of the assumption of quadratic damages, even allowing for the f^'t that the level of damages due

ercent loss of ODR It also arisesto three degrees of warming is a4<||i#;iia||i|;ii:||^ 

naturally because greenhouse gases ar^l^k pollu&ts so redactions in any period inevitably have 

little effect on the level of marginal benefitSili ;, , p:;
An important observation in the static anaiylfSi^vas the risk involved in setting the permit level 

too low. Not only does th|;Q||mal permit involve ifrtijl lower welfare gains, but setting the permit 
level incorrectly can^'lMPVe losses. The tax,instrument, in contrast, leads to welfare gains 

over a much widef ange of valu^.,.:,.ai''' -

In addition a combined permit-fee system was considered. Such
a system invt^ves an iMi|!|||j^pn of ppmits followed by the subsequent sale of additional 

permits at fixed |rjce, The initi^''(iiBlmt{on function like a quota while the subsequent permit 

sales funcdpkiiie making the initial distribution small or the subsequent

sale pribd high, this combineillistom can be made to mimic either the pure tax or permit system. 

The combined permit-fee sy^ improves on the welfare outcome using taxes but only slightly

/ . . 'll(|})i^j|iuj^j[i jjvs^ $337 billion). Mercstingly, the optimal distribution of initial permits turns out to
inslgnificaht^iijiffiilr^ht^A thlijj proposed 1990 emission level target of 8.5 GtC. This mechanism 

thus combines the bentifltij|(|a tax system, namely efficiency, with the benefits of a permit system,
I'e.g., flexible distribution of rents.
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A Model Specification 

A.l Economic Behavior r;::. i
Economic behavior within each state is dcrived,^^i.;representatiYC agent ii|del where con­

sumption must be optimally allocated across Upe. In {^ typical model with constant exogenous
producUvity growth, agent preferences defin^^ steady stat^pil^hich the economy converges over 

time. In the presence of random shocks fllslfiwly chping trends, the economy instead con­
verges to a distribution of states (due tOitiie r^llii||g|s) which is itself slowly evolving (due 

to the slowly changing trends). For the moment we ignol^i|^i|f^ging trends and focus on a 

standard stochastic growth model. tf

to consumption per capita. Utilitylif ^palrfsle ii0|b88'itirn^i|,4iscounted at rate p and weighted
4''each period by population. With the further assqption that preferences satisfy the von Neuman-

Morgenstem axioms, the consumer’s optimizi^litin problem can be written as

max E
.«=o

(A.1)

where C, U coimii^^Uon in i md .j^^pnluion. Tha is, the consumer mmiraiees 

expected discoup^tiUty whei^ppftilility is popoIaUon weighted. This consumption 

program {C«, C^fiflliiiSpto the resource constraints describing production

.rilBtfe,and capit^ hccurnulatibh'-^iiiliiii’s;:,

.1"

1^'
(A.2)

Wm = Kt{l-S,) + Yt-Ct
■m

(A.3)
vj-

output, 0Nt is effective labor Input and Kt is the capital stock. AJ Is 

measure of prodiki^|^|pt from capital but not completely exogenous, as discussed later 

The parameter 9 summarii|iis the Cobb*Douglas production technology given in Equation (A.2)
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;r'
and Sk reflects the rate of capital depreciatipn in the capj|pj^cumulation equation (A.3). Finally, 
there is a transversality condition for a balanced grow_^iteiii|:||ji|ipi-i;,,

jr
/)>(l-T)x(sj)imptM®i(jwthraieof.4:) ‘'*ss:i:pp (a.4)

fThis is always satisfied by assuming zero grow|||l asymptptic^ly.
Even with exogenous constant growth m(|lels for Nt anS^^i the dynamic optimization prob- 

Icm given by Equations (A.1-A.3) is diffitjidEijf fpt impt^sible to solve analytically.^^ However, 

cho«„g

Ab(A-,«/Ar,«) = «, + a,(ln(A,/iV,J%A;))
? (A.5)

and

(A.6)C7, mjKdl - 1^ - 7^1

- where ai and oj are functions of the paraifhtiiers {p, T,d,Sk)- yields a close approximation of 

optimal consumer behavior around the balanced g^wdt steady state. This technique of approxi­
mating optimal dynami||i|p|||has its origins in the'real business cycle literature beginning with 

Kydland and Prescott (1982). i^:|iiiijalso relatc4,|j;c|:^hfe technique of feature extraction discussed by

If

BMtsekM(1995||3
lntuitively.;’^ti^ii£^:i|^^):i|pproxiniale8 behavior around a balanced growth steady state. At 

such a steady state. ln(ii:,/^i^i'li&|p|Jly^^ and A\n{Kt+i/Nt+i) = (growth rate of

a;) = ai - ln(AJ)y ii' constant. If some unforseen shock moves the econ-

omy a\y# from the equiliopij^ value of Kt/{A‘Nt) and aa is negative, e.g., the steady state is 

stabli^then the economy wiir^|ye back toward the steady state. In particular, when Ktf{AfNt) 

is l|frhi|h, capital accumulBtidii|iwill slow. If Ktf{AlNt) is too low, capital accumulation will 
ihcreiyil :j^|l^^ even if # growth rate of A* is not constant, this approximation performs 

well as long as eX^ic^i|t^^btivity growth changes gradually.

^'^Long and Plosser (1983) de^e an analytic solution for the case of Si, 
'*See Appendix A of Pizer (1997) for a simple derivation of expressions

1 and lira r -+ 1 (log utility). 
7) for a simple derivation of expressions for ori and c>2.
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.rA.2 Long-term Growth, Climate Behavior and Dai|ii|i|es^; ^

This section explains the remainder of the state-contluiijiiiint model'i'|]|i!i||iflc^y the evplution of A;

and Nt. This includes exogenous growth projectiottSii|ij^imate behavior from global

warming (based primarily on the DICE model, ||bliitaus 1994b). Exogenous |libor productivity

(A.7)

At is modeled as a random walk in logarithm^:^ith an exppnetitially decaying drift. That is,

log(A«) = log(4ii) + expjf + <Ta£t
iifipiipii:-...,

where 7« is the initial growth rate, iJ^ the dtihiiaiddlihe in the growth rate, <7a is the standard
...deviation of the random growth shocks and e, is a stahdali:dl||||Di>:;^dom shock. This means

that productivity growth begins with a mean growth rate of 7* (a^pimd 1.3%) in the first period
i

and eventually declines to zero. „In addition, random and permanent shocks change the level of

Net labor productivity A? is distingd%ed froSjii this exogenous measure At by the fact that A;
'••'ip;:. .jii-'

describes the amount of output available fbir|<)|isumption and investment - after output has been
'‘-iiy.,

reduced by control costs and climate damages. Td that end, A^ is expressed as At multiplied by a

factors describing these;|i|;“’

/■ f
Jill**-

control costs

j-....

(A.8)

damages
Ht is the fractional rBductii;|i|||||pu^|gas emissions at time t (the "control rate”) versus a 

business as usu^p,(j|;government politjy^oalMline, while and 63 parameterize the cost of attaining 

these rebt^ohs^i^ii^f are boi^h positive, additional rates of control Involve reductions

in ne|;;productivity. Tt is the'iilljfage surface temperature relative to pre-industrialization in de-
greJ-Celsius and Do is the frac|i|nal loss in aggregate GDP from a 3® temperature increase. For 

t(^hii]^ii^;p^|||es less than 1;0% this is essentially a quadratic damage function.*® Additional 
details about the'bii^!|i!i||ipV!^ damage functions can be found in Nordhaus (1993) and Nordhaus
o<»94.),.Mi«ouv.y"y

**Over larger rangea, the damage function bccomei 5-»haped.

- 28
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Ill-

W
Population is modeled in the same way as exogenotittliproductivity but without the stochastic

Jriiifc..element:

log(«,) = l08(JV,-,g'r.5,OT(-l.()

,r
(A.9)

where -yn is the initial growth rate and is th^ij^nual d?||jne in the growth rate. Note that these 

models predict zero growth asymptotically, 0ugh this ma^pwcuf centuries in the future.*®
The remaining portion of the model ex|]li|||;ithe link;|ltween economic activity (measured as 

aggregate output ^0 and warming (measured as tHtife||iirisg?:,8wr^^ temjperamre Tt). The first step 

,»Bn««,ou«,uuo™is.io„,:

E, = Ml - II,)Y, (A. 10)

where £, i, enus»on of controll.buS^^|fF^I|^

and (it is the rate of emissions reductionllinducedllliy the policymaker. The expression Yt

reflects raw output prior to the effects of clinliteiidamages and control costs. The model of at is, as

with labor productivity and population, based on lijjf|i}^htially decaying growth:

= log(o,..) A.exp(-{.()

1.
(A.11)

where ja is the growth i||.p|in®ini/butput (a negaUve number) and is the annual 
decline in the jroltti|tf the annual decline in the emissions/output growth rate is the

same as the annual decline inflii)||ipj|^^pity growth (S„).
EmissionS;og|ibii|;^s? gases accu|ulate in the atmosphere according to;

I"
wbi^'|iW» is the atmospheric conpntration of greenhouse gases in billions of tons of carbon equiv-

of the retpion rate of emissions. Low values of /? indicate that emissions do
3<*Fbr example,used in the limulatlont (with J„/„ € (0.26%, 2.6%)) leads to a halving of 

the growth nitea every 26
JiSee discussion of controlliljit# versus uncontrollable greenhouse gases in Nordhaus (1994b), page 74. For the 

most part controllable greenhouiie gases are CO: and CFCs and uncontrollable greenhouse gases are everything else.

g.||90 = HEt-i + (1 - - 590) (A.12)
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not, In fact, accumulate while a value of unity would m^jn ij^at every ton of emitted greenhouse 

gases remains in the atmosphere. The parameter rate: it is as­
sumed that greenhouse gases in the atmosphere aboy|S||hc pre-industnli^||||^of 590 biUion 

tons slowly decays. This decay reflects absorptioi^f greenhouse gases into the fficeans which are 

assumed to be an infinite sink. , |- . ,
Above average concentrations of grecnhojilie gases in th^[jiiitiiibsphere lead to increased radiative

Jl:..forcings, a measure of the rate of transfenijifpen solar ^energy produced by the sun and thermal

fi = 4.1 X log(M/590)/log(^!||F (A.I3)

where Ft measures radiative forcings in units of watts per meter squared. The specification is such 
that a doubling of greenhouse gas^^|liiilij|i;ii|pi four fold increase in forcings

(since 590 is the concentration beforebdustrial||itlon). Otfin this relation represents radiative 

forcings due to other uncontrollable greeni%p|ases and is assumed exogenous to the model:

l™=««ed taul to «»ccording to

0.2604 + 0.0125i%g.0q0034i^ if t < 150
(A.14)

- Wn,)(T,-: -IT-,)] (A.15)

(A.16)

where 7; is tj^.^we,temperaturl^ is the deep ocean temperature, both expressed in

changes in degrees Celsius. Note that if iW, = 590 and
Of = J(e.g.. pre-industrlaliz^). It and T; will equilibriate to zero. The parameter A describes

the||uilibrium change in surf^' temperature for a given change in radiative forcings. In pa^ 

(A. 13) and (^p5), a doubling of the concentration of greenhouse gases in the
atmosphere rise in surface temperature in the long run. This parameter 4.1/A
is a measure of the tempetit^re sensitivity of the atmosphere.^^

”A by Itself l» referred to M t»e climate feedback parameter.
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.iisi,,

The parameters Ri, flj and tij describe the therm^|ip^ty of the surface atmosphere and 

deep oceans and the rate of energy transfer between thin, ,

....

AJ Social Welfare €,
I

A distinguishing feature of this analysis is the u^of an cco|pmetrically estimated parameter distri­
bution describing uncertainty in the economipinodel. How|yi^; tife consumer’s olyective function 

given by Equation (A.l) makes no allowangj(;|g;J|qcertai„qliy about the preference parameters p and 

r which are fixed from his or her perspeclive. In ^:|pf;ipmpass uncertainty about preferences,

It is necessary to step back and imagine a social planner who Wojild like to maximize the objective 

given in (A.l) but Is unsure of the parameters. Since a policy ch^fige which raises the expected 

,or one 0,
will need to specify a social welfare function to epppafe gal^ and losses across states of nature.

"''ip:-' .-r
This social welfare function provides a silgle olypve specifying how changes in utility measured 

with different preferences are aggregated Tlt|:ijs important to recognize that although parameter 

values in the representative agent model can be ihl^^pd' from observed consumer behavior, there 

is no information aviu^|ii|tpates parameters if a social welfare function. Such information 

would be revealeh :^ly by obsl^lng the belipOfibf an actual social planner. Instead, we must 

rely on social chii||ieory and||||||;|lni^ir fairness to specify the relation.

It is useful io nStli|iijil)l|||)mmon approach in the climate change literature skirts this issue 

of preference aggregation by of policy prescriptions based on a range of possible
preferences .andipp^ure. For Spple, Cline (1992) presents benefit-cost analyses for 92 

differegpes Cfobles Dowlatabadi and Morgan (1993) integrate out much of the un-
cert«|i|i^ in their analysis, but plpresent results for 48 scenarios. Chapter 8 of Nordhaus (1994b) 

giypljms of the few examples v&re even preference uncertainty is integrated out, yielding a sin- 

^e wSiilpgiii-^d a singlffbllcy recommendation. In a similar analysis, however, Nordhaus 

and Popp (I997j bip|p||ipreferenccs because of the difficulties with preference aggregation.
”E.g., providing a negative Iqiil function across states of nature for the social planner.
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Regardless, these authors ubiquitously observe that un|s|juj|f about Umc preference has large 

consequences for optimal policy choice.*^ Moreso, climate sensi­
tivity and damages. It therefore behooves us to serigh^y consider how fe!||g|p||^er uncertain

preferences in the most reasonable way. i ’
In this analysis social welfare is specified an avera|e of utility measured in each state of 

nature by Equation (A.l), rescaled. TTie re|aling serves||'^i4utite the marginal social welfare 

of one additional dollar of current consu||l|^.|,| all Jates of nature. While arbitrary, some 

acyustment is necessary to prevent the 4suitl4li||j|||ription from being sensitive to the 

choice of units in the model.’® Social welfare can then be

■iiiiipiiiiiK:
(A.17)

where u(®, i) is rescaled utility in st% i with wt||m^ it is the social welfare associ-

ated with x. The rescaling is such that 'i i;. 4'

u(-l-$l in initial period, i) - u(0,») = in initial period,;) - «(0, j) V», j

•n«tt is, a policy cor^^|||J.an extra dollar of |tmsomption In the initial period is assumed 

to have the same n(iw gain ta%y »ate rgg|^^ a no policy (0) baseline.

This social vjIip fnnctloi^milii'ihe literature on social choice. Harstuiyi (1977) 
shows that in over lotteries, if individual preferences satisfy the von Neu-
mann Morgenstem axioms1il^£se)|ii^ must have this weighted average form. Otherwise, 

social DrcferwidiiiillSjfWltp mimic indigdual preferences over lotteries involving only that indi- 
vidual. TiliiunS^lfiiihi^so be ierived from the assumption of cardinal unit comparibility.

lual. .jlpit functional fomiiicptipso be derived trom tne assumpuon cBrunmi unu wunii/auawissv, 
_ dUSssed by Roberts (IPSol&ore flexible forms require additional assumptions about level or 

sc^||»jtj(;iparibility. Our choiceit^ welfare functions is therefore less arbitrary than it might have 

digiMllll^i^; a more fl(|ible form requires both integrating out uncertainty from the rep­
resentative ageniHi^ll^to satisfy Harsanyi's point) and more stringent assumptions about

34See discussion in Arrow, Clfi[l«, Msler.^naainghe, Mid Stiglitz(1996).
”An explanation of this poinlls given In Appendix C of Fixer (1997).
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the level of comparibility (to satisfy Robert’s point)*®

' ''"’■mgB Measuring Uncertainty 4.
Estimates of uncertainty in the model come froiiiipo sources: econometric analysis and subjective

.1.. .assessment. The model Involves nineteen di^erent paraSietea Six are parameters describing 

observable economic activity: '1^

• pure time preference p,
■ risk aversion r,
• output-capital elasticity 6,
• productivity growth 7b,
• variation in productivity growth o-*, and 
« depreciation ,1'

.if'

V'
I'

A join, disni^lon .or th.» d... Tho remaining drirmen

describe emissions:

• emissions rate growth 'y^, 

climate change:

« COj retention ratCi^jisi;;;.!::, "Ilf
• CO2 decay r#C.

conuolcosumllllg*

• cost function paraniet5ra|ted,i»3, .r _
• fractional loss of GDP nse Do,

f p^latlongrowth'^;|!;:||

!■

pi^puimiua 51UWU1 rn >(4,.{»;).<[>- .^ductivity slowdownlplislowdown in the growth rate of emissions/output d, 
•Ipopulation slowdown Sn. ■ :|;''

d«« pmmnei i, bmed on anideedv.

Thg of the six economic parameters is based on post-war U.S. data.*^

from above or below. ji
”S«e Chapter n of Piier (19^6).
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Series describing aggregate investment, capital service Jp)^|t^ut and prices are fit to the model 
described by Equations (A.2),(A.3) and (A.5). The i«^tertSi||||^|,gstribution which arises 

from this analysis is summarized in Table B.I. J|;| ''
Nordhaus (1994b)” develops a distribution fp||tl^iiefflaining parameters ba^pd on a two-step 

subjective analysis. The first step involves test§| his model’s sensitivity to each parameter being 

changed, one at a time, to a more extreme .ySlue. Those Jaraiilietcrs which produce the largest 
variance in model output are then further itpi?ed. A;i|screte. five-value distribution is devcl- 

oped for seven of these thirteen variables. The'6li||pi|p|xed at thpir best guess values. The 

distribution of the seven uncertain parameters is sunmiarii6dl||ii||#.2. Values of the six fixed 

parameters as well as initial conditions for the model are given in '^ble B.3.

C Factor, michCompUl^m’WipiiiliiysIs
•yi:;

In this section the factors which complicatdiifptzman’s (1974) original analysis are discussed.

m.While these factors do not affect the basic intuition behind his result - that a flatter marginal ben- 
efit curve favors taxes - qualify it. In partic|i. the intersection of the expected marginal

benefit and expecteditnarg^ can no longer be used to determine the optimal tax policy
when there «e no|iin»« margl  ̂j^!g|i|pd<iWve shock..AenotedbyWeitzn..n««loth- 

ers (Stavins 1991)1 jri^|ilg|lo^ optimality result, with positive correlation among
costs and benefits favwlStHigi^i^d negafive correlation favoring taxes. Other factors such as

trancaiion and dlKsiimini furthor'iii^te the simple graphical analysis in Section 3.
.rfWiSPirni-,: 'W

C.1 lliiaariUesmt^S^tireShoek,

A sjiple graphical comparison'^ expected marginal benefits and expected marginal costs allows 

<^:i|ji||K1^ 4erlvo the opting quantity control. This works because these marginal measures 

are with re^otjBjjdi^:;^||ptlt3^i5measure and expectations are taken holding the quantity fixed.

’”Chi4>ters 6 and 7.
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description

g‘

illbK

•Dible B.l: Marginal distributions jllihcertain economic parameter 
^n^w^m_indK^value8U^i£8i^larion8^AMtu^rtwm2y__

_________ symbol eqijiation iiliiMii,,!.. distribution

pure rate of time preference p

coefficient of risk aversion (A.1)

output-capital elasticity

#

.lilil::
rateofcapital#preclatloii':fi:Vj h

fcpp»^

POO OJ)...MB....P« Ml 0.06 0.PP 007 MO

OHM 0.01! OHM OiOM 0.040 O-OM

H.01 OHO OH! 0.M 0.01

,> Ibndard error of 
,^ifproductivity shocks W <r. (A.7)

;|L OOP 0.01 0.0! 0,04 ftW

jV
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Table B.2: Discrete distributions of unpeiftain

description

(narrow bars indicate values used in sllilttlationB without unc^^|||j||-

distributionf:symbol equatipii,:;

annual decline of 
population growth rate

annual decline of 
productivity growth rate

initial growth rate of CO} 
per unit output

iKiite,..., 
- ....i||

(A.7),(A.ll)

damage parameter (% 
loss of GDP for 3* 
temperature rise)

#’■...

VI,, (A.io),(A4i)
#

A, (A.8fiir

H----"H--------1-

m ■J.0I •4.M ■on

,j aoo

co8tfunctio,^:|i#qr., ''(A.8)

ost on

0.00 on 0.04 0.00 o.oi aio o.it ai4

“fF"....."^it,' ''
..fi'i.

I
+-

0.46 OM OiN on 0.U 0i70 a7S (UO



:kn!rs|?' Table B3: Description of fixed paiamelers*

. parameter i symbol equation units value

,5®' cosltoctio^^nacr

Mm
decay rate of^pipsphcric J,

>^.±^ -l-i'SjiL-r:-- =::::H5L

''-SiiKpacity^Pftpiipi
199Sglotalpop^^ ;Di N, 
ioidalpopuliJ««l. »■

(A-8)
(A.12)
(A.15)

(A.15),(A.16)

(A-16) ^

(A-^rs
initial rate of CO2 emissions 

per unit of output
1995 global c^tal stock
1995 global ou^wt

1995 atmospheric 
concentrations of COj

1995 surface tein>erature*
1995 dcq» ocean tempOTluie*

W
lift

7»

<ro
^ m

®C-melef*/watt-year
wad/“C-meter^

“C-meter* / watt-year 

millions of people

2.887
0.00833

0.048
0.44

0.002
0.44
5590

0.0124

Yo <A.2).(A.3),(Ai|^ 

Mo

m
.»

<A.rg^^

SI989|iprs
$I98^|gliBfc.,. _
billiptons""« 
o^valent

79.5 I 

24.0 -

^0*

<A.8),(A.15UA.16)
(A.15),(A.I6)

"'■'^S^lsius

*Celsius

1763.6

0.763
0.117

“AU fixed panmetm are fern Norfhans (1994b). The parametera that do u(M depend on tunc arc from Noidhjm’
Thble 2.4. iQitul values fir lerepcfature. CO2 conceatrations. and ouqnil in 1995, as weH as the initial anniial growflF^l^pr
late fir population, are based on the Noidluus base case sunnlation. Ihe 1995 capital stock is adjusted upward to reflect 
differences in the definitioii of capital as wcU as undeilying parameter values. Ihe decay rate of almoqdieric CO2 is 
dividod by ten to convert fiom a decennial to annual rate. The annual tbennal capacity of the ocean and atmosphere are
finun the second line of Noidhaus’ TUde 3.4b.

^Temperatures are measured as deviations bom the pfe-industiializadoalevd, circa 1900.

JF
iiy

ruI
h*
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o
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J!Figured: DistributiQ|||

lii^’t'
}

change in eidssion level per dollar of tax (GtC/S at tax = S5)

In contrast, the optimal price contr6lib|st be taking the expectation of Abenellt/Atax
and Acost/Atax, holding the tax level fixlii||||lpi finding the tax level where these two marginal

mi.
measures are equal. This is not generally revealSdiby a jifimple diagram such as Figure 3. It is re­
vealed, however, if the ^Ippt^ol'rthe marginal cost sclllluie is constant and knovm. In that case, the

--------rcondition for the op^tn^l rtip^es to the interseptioi

curves:
if'

,:r'

to the interseption of the expected marginal cost and benefit
'“i ...*a#

Acostii^r^benefit'
Atax Atax

M' 
I'

1:^'

ilL'amUy“t

I
1

MC slope 
' Abenefit'

= E 

= E 

= E 

= EAquantity
E[MB1 = E[MC]

Acost Aquantity'
.Aquantity Atax

Acost 1
. Aquantity MC slope

Acost 1
.Aquantity

Acost
.Aquantity

MC slope

(C.18)

This condition, that''tfi||;iiilope of the marginal cost curve is constant, will be violated if the 

cost curve is non-linear or there are non-additive shocks. Under these conditions, the slope of
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the marginal cost curve cannot be factored outside the ex|^f8tion, as shown in (C.18). Tb verify 

this condition, the slope of the marginal cost curve capoj^Je e!>eii|ii|p states of nature and at 

different tax levels to see if it remains constant. Fi|i|e C.l shows the'ii||j|iit^^ slopes for a 

single tax level of $5AC.«
Given these violations, it will not be possih||' to deternjiine the optimal tax level from Figure 3 

precisely, though it may still provide a rough{a|proximatioii|

F

.111:

C.3 liuncatioii

C.2 Correlation of CostABenefU Shocitl' 11 ,

An important point ignored by the Weitzman analysis Is whetheria particular quantity control is 

binding l„ every s,..e of . ,uo.e of .2 G.C in 20,0

would lie above the actual emission leyel roughlyijalftheti#. In these states of the world, it is
inappropriate to count any benefits from tli|i||9||iy since the policy has no consequence. That is.

in order to properly compare the expected mafilij,^ cost of a 12 GtC permit policy to its benefits, 
marginal benefits should |;|nl^^.^e counted when the' j^|jicy is binding.

Figure C.2 show||tlil^iijiil$|^ of this calculiition. The left panel (the same as Figure 2)
,41 ,1.#

show, fte di,trib|Sn of m.rgi^b|g|g|iinissions .« fixed .t - rMhor Unm lindled to - 

different Iovels|||pi|^ulati^^ actual level of emissions in 2010. In contrast, the
right panel sHtiws thFiiili|||^||^ associated with limiting emissions to the specified level 

(as would occur with a permit syiitii|i:i|i|[jose states of nature where uncontrolled emissions are 

below thc^,j^pili8|||[|||hey remalti unchanged and there Is no marginal benefit. Therefore at 

high I^lf^it levels (18 GtC)yil||:i^ above uncontrolled emission levels in every state, the marginal

benelit is zero. Moving to the'||i|ht, marginal benefits initially rise as additional states become 

cO^iiti^g .benefits, Eventualiy, the marginal benefit schedule must slope downwards as the

»From Figure 3 it is cltfipiP slope also changes at higher permit/tax IcveU.
'•vMi;;;;;-

,f
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s|to*v 

£Figure C.3: Distribution of Discc^Hl^^pfS in 2010

CA Discounting

0.2 0.4 0.62010 discount factor

Discounting is an important issue which is in the simple static case. Even when considering
policy in a single period (2010), it is necessary'%;WO|)aer whether costs and benefits should be
measured in 2010 or l^|p|;Js relevant because ^rent states of nature wUl involve different

discount rates. S||BcallyrS^ states growth involve more discounting relative
to states of natui#|d^ low gr(|||||||ijfei the basic intuition that extra dollars arc more 

v.lu.bl. one i. rich.
The static analysis dollar welfare measures in 2010. In contrast, the

dynanuc 4 i> 1,211 dollar welfare measures In 1995. Surprisingly, there

is Bttle In tii^^pUcy oStcome, suggesting the desctepancy is smaU. Figure C.3

showS|Be range of discount fii||P observed in 2010 relative to 1995.
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Optimal Choice of Policy Instrument and Stringency 

under Uncertainty: The Case of Climate Change

William A. Pizer

Abstract

The relevance of uncertainty in the climate change policy debate is without doubt. 
Surprisingly, there have been few attempts to examine the direct policy consequences of 
including uncertainty in an integrated climate-economy framework. This paper presents results 
concerning optimal policy stringency and instrument choice when economic and climate 
parameters assume distributions rather than single values. Uncertainty is found to raise the 
optimal level of emission reductions relative to an optimization based on one set of central 
parameter estimates. Much of this effect can be related to economic rather than climate 
uncertainty. Uncertainty also leads to a preference for taxes over quantity controls.

Previous studies of uncertainty in the climate change context have used a small number 
of states to measure the value of earlier information, learning and adaptation. This paper 
attempts to refocus attention on the more basic question of whether, in the absence of new 
information and learning, the inclusion of uncertainty yields significantly different policy 
conclusions. For policymakers confronting the problem of climate change today, this is the 
more relevant question.

Key Words: uncertainty, climate change, taxes and quantity controls 
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Optimal Choice of Policy Instrument and Stringency Under ^ 

Uncertainty; The Ccise of Climate Change

William A, Pizer^

1 Introduction

Uncertainty is a pervasive feature of climate change analysis. The wide range of divergent 

opinions on the proper policy response to climate change is testament to the scale of the 

issue. However, there is a difference between recognizing uncertainty and using it to propose 

one policy response.

This paper acknowledges uncertainty cind optimizes over it to recommend a single course 

of action. This permits a useful assessment of the importance of including uncertainty in the 

analysis: Does it make a difference versus optimizing with a single set of central parameter 

Vcdues? Do alternative policy instruments behave differently? Why?

Previous work in this vein has tended to miss these two basic questions. Frequently, the 

importance of uncertainty is framed in terms of learning: what happens if uncertainty is 

resolved now rather than later [Manne and Richels (1993,1995), Nordhaus (1994b), Manne 

(1996)]. This skirts the orginal question by failing to address how, without learning, uncer­

tainty affects policy Euiswers in the first place. The typical use of a highly stylized framework 

with only two or three states of nature also diminishes one’s confidence that these models 

are capturing important features of the unknown parameter space. Simply considering high 

and low values for growth, climate sensitivity, damages and costs requires more than a 

dozen states of nature. Existing work which does consider a Itirge space of uncertainty does 

so without a general equilibrium model of intertemporcil prices [Dowlatabadi and Morgan 

(1993)]. This turns out to be inadequate for determining optimal policy and, by extension,

‘Fellow, Quality of the Environment Division, Resources for the Future. The author would like to thank 
Dale Jorgenson, Gary Chamberlain and seminar participants at Harvard University and Resources for the 
Future for helpful comments on earlier drafts of this paper.
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for addressing uncertain preferences. Preferences, it turns out, are extremely important. '

In this paper a relatively simple integrated climate-economy model based on optimal 

intertemporal behavior is used to examine alternative policies under uncertainty. Several 

features distinguish this model from other climate-economy models. First, a fast simulation 

technique is used to permit thousands of different states of nature to be simulated simultane­

ously, each capturing optimal consumer behavior. Second, the distribution of the economic 

states of nature is based on econometrically estimated parameter distributions. Third, these 

states - each of which exhibits different consumer preferences - are consistently aggregated 

using an explicit social welfare function.

Each of these features is important given the question to be addressed. Without a general 

equilibrium framework, intertemporal prices are likely to be wrong. Higher productivity 

growth, for example, leads to more output and emissions but simulatenously higher interest 

rates. Ignoring the higher interest rates, or timing them incorrectly, will lead to incorrect 

intertemporal valuation and biased results.^ Econometric estimates of economic parameter 

distributions are important to capture well-known parameter relations and their associated 

uncertainty. In order to be consistent with historic interest rates, for example, time preference 

and intertemporal substitutability must be positively correlated. By how much and with 

what degree of certainty is a question best addressed by data. Finally, given the extremely 

long horizons involved in climate change analysis, it is not surprising that the results are 

extremely sensitive to variation in preferences across time. Without a consistent method 

of aggregating over these preferences, optimal policy responses will depend quite heavily 

on which rate of pure time preference is assumed - without any assessment of how bad an 

incorrect guess will be.

The short answer to the question posed is that uncertainty does matter. First, ignoring it 

leads to policy recommendations which are too slack with welfare gains 30% below that of the 

optimal policy incorporating uncertainty. Second, a large part of the consequences - around

^An error in interest rates will bias the valuation since policy costs typically occur in earlier years than 
policy benefits.
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fifty percent - arises solely from modeling uncertain preferences (versus uncertain technology 

or climate parameters). Third, taxes are significantly more efficient under uncertainty than 

rate controls. These three points could not be made without the kind of model developed in 

this paper.

Details of the integrated climate-economy model axe laid out in Section 2. While the 

climate portion follows earlier work by Nordhaus (1994b), the economic model is based on a 

real business cycle (RBC) approach. Exogenous productivity changes are viewed as stochas­

tic rather than deterministic phenomena and optimal intertemporal behavior is analytically 

approximated rather than numerically optimized. Also in this section the quantification 

of uncertainty is summarized and preference aggregation is discussed. Additional informa­

tion about the RBC-style analytic approximation, econometric estimation, cind the choice of 

social welfare functions is given in the appendix.

Section 3 examines the question of optimcd control rates under uncertainty. In particular, 

do models with and without uncertainty recommend the same reductions? To answer this 

question, two policies tire computed: one which is optimal with uncertainty as described in 

Section 2 and another which is optimal using median parcimeter values throughout the model. 

These policies are compared both in terms of stringency and social welfare relative to the 

policy ignoring uncertainty. The optimal policy under uncertainty involves an additional 6% 

reduction in CO2 emissions initially (an 8.4% versus 7.9% control rate), rising to an additional 

20% in 30 years and over 50% in 80 years. Perhaps surprisingly, around half of this increase 

can be reproduced by modeling preferences as the sole source of uncertainty. The certainty 

equivalent welfare gain is $73 in current consumption per capita for the optimal policy which 

incorporates uncertainty versus only $58 for the optimal policy ignoring uncertainty.

Section 4 explores the difference in efficiency between price and quantity instruments as 

a mechanism for regulating carbon dioxide emissions. From the early work of Weitzman 

(1974), we know that uncertainty about marginal costs leads to unequal consequences for 

price and quantity controls which are otherwise equivalent. However, it is unclear from



casual observation which instrument will be more efficient and whether the difference will^e 

of practical significance. This section shows that taxes are preferrable to quantity controls 

and that m terms of social welfare, the difference is significant. The optimal tax generates a 

$86 certainty equivalent gain while the optimal rate generates a $73 gain.

2 Model

2.1 Overview

The purpose of the model is to translate a climate change policy — either a tax or control rate 

- into a meaningful welfare measure of its consequences. This welfare measure, in turn, has 

two purposes: 1) to facilitate the calculation of optimal policies by maximizing the measure 

over a well-defined class of policies, and 2) to provide a metric for comparing policies drawn 

from different classes. Such classes might include taxes versus qucintity controls, or policies 

which consider uncertainty versus those which ignore it.

The process of computing the welfare associated with a given policy can be viewed as 

a three-step process. First, for any given state of nature we need to determine how the 

economy and climate will evolve in the presence of the policy. This requires a model of 

consumer and producer behavior, a climate model, and links between the two. Second, a 

sample of states of nature (sets of values for all the model parameters) must be generated 

representing our view of uncertainty. Third, using the model to generate a set of outcomes 

for each of the sampled states of nature based on a particular policy, we need to aissign a 

single measure of the social value associated with that policy. When preferences vary from 

state to state, this is a non-trivial task even when a representative agent model is used within 

each state.

In the first step, a modified stochastic growth model is used to capture consumer behavior 

in each state. Standard stochastic growth models choose the level of aggregate consump­

tion each period based on the optimal behavior of a representative consumer in the face of 
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random IID exogenous shocks to productivity.^ In contract, this paper models the trend 

in productivity as both declining over time and endogenized to depend on climate change. 

However, these distinctions are ignored by the representative consumer.^* This strategy has 

two important consequences. Consumption remains optimally allocated across time in ev­

ery state. Therefore, the intertemporal consequences of any climate change policy will be 

correctly valued. Equally important, for any given state the evolution of the economy and 

climate is eaisily determined: the 400 period path for each of 1000 states can be computed 

in less them 5 seconds on a desktop computer.

For the second step, uncertainty is quantified two ways. Economic uncertainty (de­

scribing preferences, technology and current exogenous productivity trends) is based on an 

econometric analysis of historical data. Climate and long-term trend uncertainty (describing 

the climate consequences of economic activity, damages due to climate change, and even­

tual slowdowns in productivity and population growth) is based on discrete distributions 

developed in previous work.

The third step is to aggregate the results over many states into a single welfare measure. 

Based on the idea of cardinal unit comparability among suitably scaled utility measures in 

each state, social welfare is computed as an arithmetic average. This approach requires a 

somewhat arbitrary choice of utility scaling and eliminates the possibility of distributional 

considerations. While subject to criticism on both issues, it highlights a point which has 

been skipped in much of the discussion of climate change. Uncertainty about consumer/social 

preferences cannot be overcome without some aggregation scheme.

^For a recent summary of the solution techniques for stochastic growth models see Taylor and Uhlig

^The productivity slowdown and economy-climate links are based on William Nordhaus’ (1994) DICE 
model. The fact that the consumer ignores these features has a negligible impact on the resulting path of 
consumption because the productivity slowdown and climate consequences (e.g., loss of output) occur quite 
gradually in the DICE model.



2.2 State-contingent Model

2.2.1 Economic Structure

Economic behavior within each state is derived from a representative agent model where 

consumption must be optimally allocated across time. In a model with constant exogenous 

productivity growth, preferences lead the economy to converge to a steady state. In the 

presence of random shocks and slowly changing trends, the economy instead converges to an 

ergodic distribution of states (due to the random shocks) which is itself slowly evolving (due 

to the slowly changing trends).

The representative consumer in this model exhibits constant relative risk aversion r with 

respect to consumption per capita. Utility is separable across time, discounted at rate p and 

weighted each period by population. With the further assumption that preferences satisfy

the von Neuman-Morgenstern axioms, the consumer’s optimization problem can be written 

as

,t=o
max E

Ct (1)

where Ct is consumption in period t and Nt is population. This consumption program 

{Co, Cl,...} is subject to the resource constraints

y; = {A;NtY~^Kt (2)

and

7\t+i — A't(l — 8k) + Yt — Ct (3)

where Yt is aggregate output. A’ is net labor productivity and Kt is the capital stock. The 

parameter 6 summarizes the Cobb-Douglais production technology given in Equation (2) and 

Sk reflects the rate of capital depreciation in the capital accumulation equation (3). Finally, 

there is a transversality condition for a balanced growth steady state.

p > (1 — t) X (asymptotic growth rate of A’) (4)



This is always satisfied by eissuming zero growth cisymptotically.

Even with exogenous constant growth models for Nt and A*, the dynamic optimization 

problem given by Equations (1-3) is difficult if not impossible to solve analytically.® However, 

choosing

Aln(A^t+i/A^t+i) = Qi + Q2(ln(A't/A^t) - In(At)) (5)

and

Ct — A((l — Sk) + Yt — A't+i (6)

- where qi and Q2 axe functions of the parameters (p, t, 0,5k) - yields a close approximation 

of optimal consumer behavior. This technique of approximating optimal dynamic behavior 

has its origins in the real business cycle literature beginning with Kydland and Prescott 

(1982). A simple derivation of expressions for Qj and Q2 is given in Appendix A.

2.2.2 Long-term Growth, Climate Behavior and Damages

This section explains the remainder of the state-contingent model, including growth projec­

tions, climate behavior and damages from global warming [based primarily on the DICE 

model, Nordhaus (1994b)]. Net labor productivity, is modeled as the product of exoge­

nous, gross labor productivity, A<, a factor describing control costs, and a factor describing 

climate damages:

control costs

‘ Vl + (A>o/9)-r,V ‘ (7)

damages

fit is the fractional reduction in CO2 emissions at time t (the “control rate”) versus a business 

as usual/no government policy baseline, while 61 and 62 parameterize the cost of attaining 

these reductions. Tt is the average surface temperature relative to pre-industrialization and 

®^Long and Plosser (1983) derive an analytic solution for the case of <5* = 1 and limr -»■ 1 (log utility).



Do is the fractional loss in aggregate GDP from a 3° temperature increase. The form of tL 

control cost function is derived from an econometric analysis of a number of previous studies. 

The damage function is considerably more ad hoc. See Nordhaus (1993) and Nordhaus 

(1994a) for additional details on costs and damages, respectively.

Exogenous labor productivity At is modeled as a random walk in logarithms with an 

exponentially decaying drift. That is,

log(/li) = log(A(_i) + Ja exp(-Sj) + (TaCt (8)

where 7„ is the initial growth rate, Sa is the annual decline in the growth rate, (7a is the 

standard deviation of the random growth shocks and et is a standard NIID random shock. 

Population is modeled similarly but without the stochastic element:

log(JVt) = log(jV,_i) + 7„exp(-J„i) (9)

where jn is the initial growth rate and 6„ is the annual decline in the growth rate. Note 

that these models predict zero growth asymptotically, though this may occur centuries in 

the future.®

The remaining portion of the model explains the link between economic activity (mea­

sured as aggregate output Yi) and warming (measured as the average surface temperature 

Tt). The first step is linking output to emissions:

fAtV-^Et=at{\-iit)Yt
/

(10)

where Et is emission of CO2 , C7t is an exogenous trend in emissions/output, and /ij is the 

rate of emissions reductions induced by the policymaker. The expression Yt ^ ^ reflects 

“raw” output prior to reductions due to damages and control costs. The model of Ct is, as 

with labor productivity and population, based on exponentially decaying growth:

log((Tt) = log(cTi_i) + 7<, exp(-^aO (11)

®For example, the range of parameters used in the simulations (with Sa/„ € (0.25%, 2.5%)) leads to a 
halvmg of the growth rates every 20 to 200 years.



where is the initial growth rate of emissions/output (a negative number) and 6^ is the 

annual decline in the growth rate. Note that the annual decline in the emissions/output rate 

is the same as the annual decline in labor productivity growth (<Sa).

Emissions of CO2 accumulate in the atmosphere according to;

Mt - 590 = + (1 - - 590) (12)

where is the atmospheric concentration of CO2 in billions of tons of carbon equivalent. 

/? is a measure of the retention rate of emissions. Low values of (3 indicate that emissions do 

not, in fact, accumulate while a value of unity would mean that every ton of emitted CO2 

becomes a ton of atmospheric CO2. The parameter 5m plays the role of a depreciation rate: 

it is assumed that CO2 in the a,tmosphere above the pre-industrialization level of 590 billion 

tons slowly decays. This decay reflects absorption of CO2 into the oceans which axe assumed 

to be an infinite sink.

Above average concentrations of CO2 in the atmosphere lead to increased radiative forc­

ings, a measure of the rate of transfer between solar energy produced by the sun and thermal 

energy stored in the atmosphere. This is modeled according to

Ft = 4.1 X log(Mt/590)/log(2) -h Ot (13)

where Ft measures radiative forcings in units of watts per meter squared. The specification is 

such that a doubling of CO2 concentrations leads to a roughly four fold increzise in forcings. 

Ot in this relation represents radiative forcings due to other greenhouse gases and is assumed 

exogenous to the model:

Ot =
0.2604 -K 0.0125t - 0.000034f2 if t < 150

1.42 otherwise

Increased forcings lead to temperature changes according to

Tt = Tt-r + (l//2i) [Ft - XTt.r - {R^lr^Wt-, - TU) 

t: = -h (l//22)(i?2/Ti2)(T,_i - t;_,)

(14)

(15)

(16)



Figure 1: State-contigent model

sun of period state; end of period state:
( K,,|, A,,,, N,^j, o„|, M^,|, T,*|, )

economic model
compute output. Y,. (2.7) 
compute new capital stock. K,.,. (S) 
compute consuti^don, (6)

State-contingent 
utility measure

compute cutrent period utility. (1)

climate model
compute new concentrations. M,„, (10.12) 
compute new tempetatures. T,„ fT^,. (13-16)

trend model
compute new exogenous productivity A,.,. (8) 
compute new population. N,.,. (9) 
compute new emissions/output, o,.|, (11)

where Tt is the surface temperature and is the deep ocean temperature, both expressed 

in changes relative to pre-industrialization levels in degrees Celsius. Note that if Mt = 590 

and Ot = 0 (e.g., pre-industrialization), Tt and T<* will equilibriate to zero. The parameter 

A describes the equilibrium change in surface temperature for a given change in radiative 

forcings. In particular, based on (13) and (15), a doubling of the concentration of CO2 in the 

atmosphere will lead to a 4.1/A rise in surface temperature in the long run. This parameter 

4.1/A is a measure of the temperature sensitivity of the atmosphere.’^

The parameters i?i, R2 and describe the thermal capacity of the surface atmosphere 

and deep oceans and the rate of energy transfer between them, respectively.

2.2.3 Summary of State-contigent Climate-Economy Model

The state-contigent model is now complete. Figure 1 shows schematically how the model 

evolves over time and how policy (a path of reductions {/ij) is translated into a state- 

contingent utility measure (as measured in Equation (1)).

At any point in time, the vector {Kt, At, Nt, at, Mt, Tt,T’} completely describes the state 

of the economy and climate. The three somewhat distinct portions of the model - economy, 

by itself is referred to as the climate feedback parameter.

10



climate and trends - are then used to evolve the current state into the next period state. The 

economy and climate models make use of the policy variable fit describing emission reductions 

in order to compute control costs and realized emissions, respectively. The realized path of 

consumption is an output of the economic model which is then used to evaluate the utility 

associated with implementing the policy in this state.

A key innovation relative to similar models is the use of Equation (5) to capture optimal 

intertemporal consumer behavior without performing a numerical optimization. This reduces 

by an order of magnitude the time required to evaluate policy while preserving the proper 

intertemporal prices.

2.3 Quantifying Uncertainty

Estimates of uncertainty in the model come from two sources: econometric analysis and 

subjective assessment. The model involves nineteen different parameters. Six «u*e parameters 

describing observable economic activity;

• pure time preference p,
• risk aversion r,
• output-capital elasticity 9,
• productivity growth 7„,
• variation in productivity growth aind
• depreciation 6k.

A joint distribution for these parameters is estimated with historical data. The remaining 

thirteen describe emissions:

• emissions rate growth 7^, 

climate change:

• CO2 retention rate /?,
• temperature sensitivity 4.1/A,

j• CO2 decay rate S„
• thermal capacities eind conductivities Ri, R2 and r^,

control costs and damages:

• cost function parameters 61 and 62,
*r-



• fractional loss of GDP for 3° temperature rise Do, 

and long-term growth trends

• population growth 7„,
• productivity slowdown 5a
• population slowdown 5n- 

Uncertainty about these parameters is based on subjective analysis.

The econometric analysis of the six economic parameters is based on post-war U.S. data as 

described Appendix B. Series describing aggregate investment, capital services, output and 

prices are fit to the model described by Equations (2),(3) and (5). The posterior parameter 

distribution which arises from this analysis is summarized in Table 1.

Nordhaus (1994b)® develops a distribution for the remaining parameters bcised on a 

two-step subjective analysis. The first step involves testing his model’s sensitivity to each 

parameter being changed, one at a time, to a more extreme value. Those parameters which 

produce the largest variance in model output are then further scrutinized. A discrete, five- 

value distribution is developed for seven of these thirteen variables. The remaining six 

are fixed at their best guess values. The distribution of the seven uncertain parameters is 

summarized in Table 2. Values of the six fixed parameters cis well as initial conditions for 

the model are given in Table 3.

2.4 Social Welfare

Once we concede that preferences are imprecisely known, the next logical step is to formulate 

a social welfare function to aggregate over these preferences. This social welfare function 

then allows the policymaker to compare alternatives in the face of such uncertainty. While 

it is more common to envision aggregation over different individuals, here different states 

of nature are being aggregated, each with a single but unique representative agent. It is 

important to recognize that although the parameters of a representative agent model can 

be inferred from observed consumer behavior, there is no information available to infer

®Chapters 6 and 7.



Table 1: Marginal distributions of uncertain economic parameters 
(narrow bars indicate values used in simulations without uncertainty) 

description symbol equation distribution

pure rate of time 
preference P (1)

coefficient of risk aversion r (1)

output-capital elasticity 9 (2)

rate of capital 
depreciation

initial productivity 
growth rate

standard error of 
productivity shocks

<5. (3)

7a (8)

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

0.042 0.044 0.046 0.048



Table 2: Discrete distributions of uncertain climate/trend parameters
(narrow bars indicate values used in simulations without uncertainty)

description symbol equation distribution

annual decline of 
population growth rate

annual decline of 
productivity growth rate (8),(11)

initial growth rate of 
CO2 per unit output (10),(11)

0.00 -0.01 -0.02 -0.03

damage parameter 
(% loss of GDP for 3° 
temperature rise)

(7)

0.00 0.01 0.02
—h- 

0.03

cost function parameter 61 (7)

retention rate for CO2 
emissions (12)

temperature sensitivity 
to CO2 doubling (in °C) 4.1/A (13),(15)

0 1 2 3 4 5



Table 3: Description of fixed parameters"

parameter symbol equation units value

cost function parameter 62 (7) 2.887

decay rate of atmospheric CO2 Sm (12) 0.00833

1/thermal capacity of atmosphere 1//?1 (15) °C-meter^/watt-year 0.048
thermal conductivity b/w 
atmosphere and oceans

R2IT12 (15),(16) watt/“C-meter^ 0.44

1/thermal capacity of deep oceans IIR7 (16) “C-meter^/ watt-year 0.002
0.44

1995 global population No (9) millions of people 5590
initial population growth 7n (9) 0.0124

initial rate of CO2 emissions 
per unit of output

(11) billion tons CO2 per 
$1989 trillions 0.385

1995 global capital stock Ao (2),(3) $1989 trillions 79.5

1995 global output Yo (2),(3),(10) $1989 trillions 24.0

1995 atmospheric 
concentrations of CO2

Mo (12) billions of tons 
of C equivalent 763.6

1995 surface temperature* To (7),(15),(16) "Celsius 0.763
1995 deep ocean temperature* To (15),(16) "Celsius 0.117

“All fixed parameters are from Nordhaus (1994b). The parameters that do not depend on time are from 
Nordhaus’ Table 2.4. Initial values for temperature, CO2 concentrations, and output in 1995, as well as the 
initial annual growth rate for population, are based on the Nordhaus base case simulation. The 1995 capital 
stock is adjust^ upward to reflect differences in the definition of capital as well as underlying parameter values. 
The decay rate of atmospheric CO2 is divided by ten to convert from a decennial to annual rate. The annual 
thermal capacity of the ocean and atmosphere are from the second line of Nordhaus’ Table 3.4b.

'’Temperatures are measured as deviations from the pre-industrialization level, circa 1900.



parameters of the social welfare function. Instead, we must rely on social choice theory and 

our own sense of fairness.

The common approach in the climate change literature gets around the issue of uncertain 

preferences by reporting a range of policy prescriptions based on a range of possible prefer­

ences and states of nature. For example, Cline (1992) presents benefit-cost analyses for 92 

different cases (Tables 7.3 and 7.4). Dowlatabadi and Morgan (1993) integrate out much of 

the uncertainty in their analysis, but still present results for 48 scenarios. Nordhaus (1994b) 

gives one of the few examples where all uncertainty including preferences is integrated out 

to yield a single policy recommendation (Chapter 8). However, the social welfare function 

implicit in the analysis is not revealed.

As most authors observe, uncertainty about time preference tends to dominate many 

policy considerations. Moreso, in fact, than uncertainty about climate sensitivity and dam­

ages. It is therefore important to consider how to aggregate over such preferences rather 

than guessing.

In this analysis it is assumed that social welfare is an average of rescaled utility measured 

in each state of nature (given by Equation (1)). The rescaling serves to equate the marginal 

social welfare of one additional dollar of current consumption in all states of nature. While 

arbitrary, some kind of adjustment is necessary to prevent the resulting policy prescription 

from being sensitive to the choice of units in the model (e.g., using dollars rather than 

thousands of dollars as the unit of account; see explanation in Appendix C). Social welfare 

can then be written as
I

5iy(ir) = r‘£u(i,i) (17)
.=1

where u{x,i) is rescaled utility in state i with outcome x and 5W(x) is the social welfare 

associated with x. The rescaling is such that

u(-l-$l p.c. in initial period, i) — u(0,z) = u(-f$l p.c. in initial period, j) — u(0, j) Vz, j 

Th^ is, a policy corresponding to an extra dollar of per capita in the initial period is assumed



to have the same utility in every state relative to a no policy (0) baseline. ""

This social welfare function has its origins in the literature on social choice. Harsanyi 

(1977) shows that in defining social welfare over lotteries, if individual preferences satisfy 

the von Neumann Morgenstern axioms then social welfare must have this weighted average 

form. Otherwise, social preferences will fail to mimic individual preferences over lotteries 

mvolving only that individual. This functional form can also be derived from the assumption of 

cardinal unit comparihility, as discussed by Roberts (1980). A more general functional form 

therefore requires both integrating out uncertainty from the representative agent's 

perspective (to satisfy Harsanyi’s point) and more stringent assumptions about the level of 

Utility comparihility (to satisfy Robert’s point).

3 Does Uncertainty Matter?

To understand whether uncertainty significantly affects decision making and welfare conse­

quences, two optimizations are performed. The first looks for the optimal COs reductions 

based on the model developed in the previous section and the parameter distributions given m 

Tables 1 and 2. The second assumes there is no uncertainty. All uncertain parameters are 

fixed at their median values and the variance of the random exogenous growth shocks is set to 

zero (as indicated by the narrow bars in Tables 1 and 2). There is only one state of nature.

3.1 Policy Stringency

The resulting policies are shown in Figure 2. The initial difference between policies is small, 

7.9% ignoring uncertainty versus 8.6% with uncertainty included. In thirty years these 

differences are higher, 10.4% versus 12.8% in 2025. By the end of the next century, however, 

the rate .s almost doubled when uncertainty is considered. Uncertainty clearly has a dramatic 

effect on the future path of the optimal control rate, but with a relatively small consequence 

for immediate decisions.

i;
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Figure 2: Optimal climate change policy with and without uncertainty
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What explains this pattern of small policy consequences now and large ones later? Sur­

prisingly, much of the consequences (roughtly 50%) can be traced to uncertainty about 

future interest rates, rather than climate or other economic uncertainty. This can be seen 

by reoptimizing the policy for a model with only pure time preference p cind risk aversion 

r uncertain, as illustrated in Figure 3. In contrast, a reoptimized policy based on modeling 

only the climate parameters (7^,, Dq, 61, j3, and 4.1/A) as uncertain yields essentially the 

same results as completely ignoring uncertainty.

Intuitively, Figure 3 shows the consequences of non-linearities in the first order conditions 

generating the optimal policy. If these first order conditions were linear in the uncertain 

parameters, replacing uncertain parameters with their means would have little effect. As 

it turns out, these conditions are highly non-linear functions of the interest rate but fairly 

linear in terms of the climate variables. Recall, for example, that the value of an annuity with 

coupon P and interest rate i is P/z - a highly non-linear function near i = 0. Furthermore, 

the interest rate is relatively well known during the initial periods of the simulation but 

less precisely known - and possibly near zero - in the future. Thus the policy effects of 

uncertainty are higher in the future.
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h. doee „ecenainty about the interest rate riae iu the future? The historic interest rate 

un observed ,uantit, and therefore easil, predicted over short horizons. More gener.,,. 

ep.nas.,nplewa, on futuregrowth,rish aversion and ti.^

at.on: . = p , r ■,, Here f is the interest rate, p the pure rate of tinte preference, r the 

fficent of relative rish aversion and the rate of future productivity growth at ti„e t

Future uncert.nty arises because we assunte productivity growth eventually declines to 

(accordtng to Equation ,8„ leaving only pure ti.e preference p to motivate non-aero

n eres rates. Whde htstoncal data tells us that with growth of 1.3%. interest rates wiU be

0. we have „uch less infomtation about how to dissect the observed 5% into its component

3.2 Welfare

In apite of the differences depicted in Figure 2. the welfare consequences of the two policies 

-atn unclear. Suppose we analyse both policies using the ntodel in Section 2. reffecting the 

uncert.nty sunt^arlaed in Tables I and 2. Does the policy which ignores uncertainty leave



US substantially worse off, given that uncertainty is in fact present? To answer this ques­

tion, it is necessary to convert the social welfare measure used to determine these optimal 

policies in Equation (17) into a more meaningful metric. A natural vehicle for comparison is 

the certainty equivalent change in first period consumption yielding the same welfare conse­

quences as the given policy. For example, implementing the policy which ignores uncertainty 

improves social welfare by 0.32 units bcised on Equation (17).^ A similar improvement in 

social welfare can be achieved by exogenously raising per capita consumption by $58 in the 

first period in every state of nature.

The alternative policy which optimizes over uncertainty leads to a certainty equivalent 

gain of $73 - a 25% improvement. The source of this improvement tends to be those states 

with low costs (6i 4-), high damages (Do t)) high temperature sensitivity (4.1/A |), low 

pure rates of time preference {p 4), rapid productivity slowdown (cJa t)i but high population 

growth (^„ 4)- In these states, the marginal costs to reduce emissions are low and the 

marginal benefits are high. Therefore, a more stringent policy will be preferred. While 

opposing cases (e.g., high costs, low damages) favor less stringent policy, such cases tend not 

to be as extreme. This is the non-linearity discussed earlier. In other words, once uncertainty 

is considered bad states of the world tend to be more extreme than good states and motivate 

additional stringency.

4 Instrument Choice

Uncertainty about the cost of reducing emissions leads to alternative consequences for quan­

tity and price instruments. This suggests that welfare gains might be achieved by using 

taxes rather than rate controls to reduce emissions. The obvious experiment is to optimize

®It turns out that computing the welfare gain is complicated by extremely fat tails in the distribution 
of state-contingent welfare gains. Even with 50,000 draws, the mean welfare gain had not yet converged to 
its asymptotic normal distribution (a sample of 38 such means rejected normality at the 10“® level). The 
somewhat ad hoc solution used here censors all gains higher than +150 and lower than —12 utility units. 
This corresponds to censoring at -$1,200 and +$11 million in terms of certainty equivalent gains and affects 
0.1% of the states. This approach was chosen so that the reported results, if anything, are understated.
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uncertainty and implements the optimal rate policy would improve social welfare by $58 

per person (where the measured gain is based on the assumption that uncertainty does, in 

fact, exist). He or she would not have any reason to consider tax instruments since they 

are equivalent in the absence of uncertainty. Compare this outcome to that of a second 

policymaker who considers uncertainty and computes both optimal tax and control rate 

policies: This policymaker would see that taxes perform better and, in implementing the 

optimal tax policy, would improve social welfare by $86 per person. This represents a net 

improvement of nearly 50% over the first policymaker’s outcome.

Why are taxes prefered to rate controls? Weitzman’s original insight was that this would 

be true when the elasticity of reductions demand (e.g., benefits) exceeded the elasticity of 

reductions supply (e.g., costs). The left panel of Figure 4 illustrates this intuition: when 

the cost curve shifts (dashed lines), the optimal shadow price (intersection of costs and 

expected benefits) is relatively constant compared to the control rate. This is only part of the 

reason, however. Weitzman’s analysis was based on constant elasticities and, importantly, 

independent shocks to supply and demand. Here, high benefits occur when productivity 

growth declines rapidly {Sa t)» in turn permitting low rates of pure time preference to 

generate high expected benefits more quickly, as discussed in Section 3.1. But a high value 

of 5a, by the definition of the emissions rate (11), also leads to higher values of at and low 

marginal control costs by (18) (recall that growth in at is initally negative). Hence upward 

shifts in the benefits curve are correlated with downward shifts in the cost curve. Examining 

the right panel of Figure 4, we see that this also leads to a preference for taxes since the 

optimal shadow price is again less variable than the optimal rate.

4.2 Value of emission rights

Another way to view the dichotomy between taxes and rate controls is in terms of the value 

of emission rights. Based on a tax instrument, the value of emission rights is held constant 

across states at the given tax rate. Under a rate or quantity control, however, emission
jT
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Figure 5: Value of emission rights under alternative policies
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5 Conclusion

This paper hcis sought to inject discussions of climate change policy with a dose of skepticism 

regarding the limitations of models which ignore uncertainty. Excluding uncertainty tends to 

reduce expected benefits due to highly non-linear relations leading to policy recommendations 

which are too lax. Much of this effect can be related to agent preferences; over half the noted 

consequences can be replicated with preferences as the sole source of uncertainty. This raises 

the issue of how to aggregate over preferences, a question which is at once both controversial 

but necessary. Finally, uncertainty about costs introduces a dichotomy between price and 

quantity controls. In the case of carbon dioxide emissions, taxes perform better. The welfare 

gain associated with the optimal tax instrument is $86 per person whereas the gain associated 

with the optimal rate instrument is only $73. An optimal rate policy computed in the absense 

of uncertainty has a gain of only $58.

While the results of this analysis should be taken with many of the same caveats accorded 

other integrated a.ssessment models (the dependence on stylized and simplified models, pa­

rameterization, etc.), there are important distinctions to be made. This is the first dynamic 

general equilbrium model to incorporate large numbers of uncertain states of nature. It is
4r-
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(A.l)

- log(>l*_i) and 7„ = log(yVt) - log(A^t_i) are constant V t):*'

^ + P)~^ (^(A't+iM*^iN«+i)®"^ + 1 - (Ji)

At the balanced growth equilibrium = exp(7a) so (A.l) can be solved for steady

state capital stock per efficiency unit of labor, A<+i) =

The capital accumulation equation (3),

A%i = A^,(l - 5k) + {A-Ny~U<t - Ct (A.2)

then yields steady state consumption per efficiency unit of labor Ctf{A'Nt) = +

(1 - - exp(7a + 7n))A"^

The approximation (5) is made by taking total derivatives of both (A.1-A.2) with respect 

to log(A"’t+i), \og{Kt), log(Ci+i) and log(Ct) around the steady-state values A'< = K't+i = A'^ 

and Ct = Ct+i = C^. This leads to the expressions

T(dc,+i - dct) = Kck dkt+i (A.3)

exp(7a -t- 'yn)dkt+i = Kkk dkt -f «jtc dct (A.4)

where dct = log(C() - log(C^) is the log deviation of Ct and dkt = log(A't) - log(A^^) is the 

log deviation of Kt- Kck, Kkk and Kkc are constants, the derivatives of the log of the right 

hand side of (A.l) with respect to log(A't+i) and of the log of the right hand side of (A.2) 

with respect to log(A't) and log(Ct).^^ Subtracting (A.4) from the same expression evaluated 

one period forward yields

exp(7a + 7„)(dA;t+2 - dkt+i) = Kkk{dkt+i - dkt) + Kkc{dct+i - dct) (A.5)

Equation (A.3) can then be used to substitute for dct+i — dct, leaving a second order difference

equation in dkt:

exp(7a -h 7„)(dfct+2 - dkt+i) = Kkk{dkt+i - dkt) + Kkc {Kck/r) dkt+i (A.6)

“The Euler equation can be derived from Equation (1) by ignoring random productivity shocks and 
examining a perturbation which decreases consumption in period t, invests the extra output, then consumes 
the gross return (interest and principal) in period t -I-1. If the path of consumption is indeed optimal, this 
should have no effect on utility and leads to the condition given in (A.l).

^|Note that K^k = {\ + p)~^e - exp{-yar), Kkk = (1 + p)exp(7ar), and Kkc = -CyK'^.
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From (5) and the observation that when A', - A't .u r "

tHe state sate of , so A. 
f 7., so A., =

^
 .e know 

that

^^1 = 7a-a2log(/?t)

and suggests a guess for solution to (A.6);

(A.7)

dk*j.t'<+1  == (^2 + l)dkt (A.8)

exp(7. + 7„) [(a. + ,)^ _ („, ^ i,] ^ + „ _ „ ^

(A 9)

which can be used to find in terms of n„. and .,r:

2e'^»+T'n

(A.IO) 

= 7.8,For p ^ 0.04. r^ ,.2. e - 0.38, dr = 0.05, = 0.013 and = 0.012 we have A'*

a. =0.18^" ^
^ 

and

The fact that we can find a vaiue of u, which satisfies (A.6) vaiidates our initiai 

guess -iy. a hnear mie for Ah„. in terms of h, - e) as in (5) or e,uivaientiy (A.8).

B Notes on EconometrICS

The model given by Equations (2), (3) and (5) can be coupled with the ' • 

v- ,»«„ J
(gpormg the future slowdown and climate

r„..,
 
consequences) to yield the followin

-,ty shocks g 

econometric
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model:

Aa; = 7a + e<

Akt = (ai - a2ao) + a2(/ct-i - (aj_i - aj)) + r}2t

yt = {l- e)al + ek + (1 - e){a: - a^) + Tju 

AVi-(y.-CQ
— 1 — + »?3t

ri
Ut — r^i^t-i + ??4<

(B.ll)

(B.12)

(B.13)

(B.14)

(B.15)

(B.16)

Here a^ log(y4(), kt — log{I\t/Nt), yt — \og[YtlNt)^ Pk,i is the price of capital services 

and Py,t is the price of output; the remaining variables are as defined in Section 2}^ The 

disturbances and c< are assumed to be jointly NIID with zero covariance (note that the 

capital share is defined with an autoregressive error). This specification defines a likelihood 

function describing the distribution of data and unobserved productivity shocks conditional 

on the model parameters.

This likelihood function coupled with a prior distribution over the parameters can be used 

to obtain a function describing the posterior density of the parameters and productivity 

shocks conditional on the observed data.*'* This is Bayes’ rule. Obtaining a sample of 

draws from the posterior density is difficult, however, as the distribution is non-standard. 

To generate the distributions shown in Table 1, the Gibbs sampler was used.^® Rather 

than drawing combinations of all the parameters at once, the Gibbs sampler draws each 

unobserved parameter sequentially based on its distribution conditional on the previous draw 

of all other parameters. A chain of draws is formed which converges to the joint posterior

^^The data, for the years 1952-1992, is from the U.S. Worksheets [Jorgenson (1980); see Ho (1989) and 
Wilcoxen (1988) for further details]. Output is a divisia index of output of consumption goods (c790+c781), 
investment goods (c789) and government services (c943). Capital is aggregate capital services (c667).' 
Changes in relative prices among output goods (c792, c761, c791, c395) are subsumed into quantity changes 
for simplicity. Population is 16-1- (c941).

^‘'The Jeffrey’s prior (see Section 2.8 of Gelman, Carlin, Stern, and Rubin (1995)) is used for each param­
eter, restricted to the economically relevant parameter space (e.g., 0 < 0 < 1, <5* > 0, Q2 < 0).

^®Geman and Geman (1984), Tanner and Wong (1987), Jacquier, Poison, and Rossi (1994).
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distribution.

The distribution used in this paper is based on ten chains of 1500 dra ■ u u

parameters /? and r.

C Notes on Utffity Rescaling

Policy consequences in a given state are always expressible in terms of a first period co 

sumptmn equ,valent. Utting be this consumption equivalent for state i and r 

X. a soaal welfare function which simply averages utility yields

= /-I

rl7 U
-ffioient of

SW{x) = r-^'^,l,l-rACi,i(x)/NiY-r.

Unless the consequences are thesameforearir state, this simplechange in units-which leads

an unmtentmnal reweighting among states - will change the ordering among policies. The 

proposed solution takes the form

sw{x) =

where a,.(0) is the consumption level in the absense of policy and

1 - Tiu{x,i) =

is the rescaled utility measure in (17) Note that r*a r •
 

a.
 

Mi,-J
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Optimal Choice of Policy Instrument and Stringency 

under Uncertainty: The Case of Climate Change

William A. Pizer

Abstract

The relevance of uncertainty in the climate change policy debate is without doubt. 
Surprisingly, there have been few attempts to examine the direct policy consequences of 
including uncertainty in an integrated climate-economy framework. This paper presents results 
concerning optimal policy stringency and instrument choice when economic and climate 
parameters assume distributions rather than single values. Uncertainty is found to raise the 
optimal level of emission reductions relative to an optimization based on one set of central 
parameter estimates. Much of this effect can be related to economic rather than climate 
uncertainty. Uncertainty also leads to a preference for taxes over quantity controls.

Previous studies of uncertainty in the climate change context have used a small number 
of states to measure the value of earlier information, learning and adaptation. This paper 
attempts to refocus attention on the more basic question of whether, in the absence of new 
information and learning, the inclusion of uncertainty yields significantly different policy 
conclusions. For policymakers confronting the problem of climate change today, this is the 
more relevant question.

Key Words: uncertainty, climate change, taxes and quantity controls 

JEL Classification NofsV: C15, D81,Q28
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Optimal Choice of Policy Instrument and Stringency Under " 

Uncertainty: The Case of Climate Change

William A. Pizer^

1 Introduction

Uncertainty is a pervasive feature of climate change analysis. The wide range of divergent 

opinions on the proper policy response to climate change is testament to the scale of the 

issue. However, there is a difference between recognizing uncertainty and using it to propose 

one policy response.

This paper acknowledges uncertainty and optimizes over it to recommend a single course 

of action. This permits a useful assessment of the importance of including uncertainty in the 

analysis: Does it make a difference versus optimizing with a single set of central parameter 

values? Do alternative policy instruments behave differently? Why?

Previous work in this vein hcis tended to miss these two basic questions. Frequently, the 

importance of uncertainty is framed in terms of learning: what happens if uncertainty is 

resolved now rather than later [Manne and Richels (1993,1995), Nordhaus (1994b), Manne 

(1996)]. This skirts the orginal question by failing to address how, without learning, uncer­

tainty affects policy answers in the first place. The typical use of a highly stylized framework 

with only two or three states of nature also diminishes one’s confidence that these models 

are capturing important features of the unknown parzuneter space. Simply considering high 

and low values for growth, climate sensitivity, damages and costs requires more than a 

dozen states of nature. Existing work which does consider a large space of uncertainty does 

so without a general equilibrium model of intertemporal prices [Dowlatabadi and Morgan 

(1993)]. This turns out to be inadequate for determining optimal policy and, by extension,

* Fellow, Quality of the Environment Division, Resources for the Future. The author would like to thank 
Dale Jorgenson, Gary Chamberlain and seminar participants at Harvard University and Resources for the 
Future for helpful comments on earlier drafts of this paper.



for addressing uncertain preferences. Preferences, it turns out, are extremely important.

In this paper a relatively simple integrated climate-economy model based on optimal 

intertemporal behavior is used to examine alternative policies under uncertainty. Several 

features distinguish this model from other climate-economy models. First, a fast simulation 

technique is used to permit thousands of different states of nature to be simulated simultane­

ously, each capturing optimal consumer behavior. Second, the distribution of the economic 

states of nature is based on econometrically estimated parameter distributions. Third, these 

states - each of which exhibits different consumer preferences - are consistently aggregated 

using an explicit social welfare function.

Each of these features is important given the question to be addressed. Without a general 

equilibrium framework, intertemporal prices are likely to be wrong. Higher productivity 

growth, for example, leads to more output and emissions but simulatenously higher interest 

rates. Ignoring the higher interest rates, or timing them incorrectly, will lead to incorrect 

intertemporal valuation and biased results.^ Econometric estimates of economic parameter 

distributions are important to capture well-known parameter relations and their cissociated 

uncertainty. In order to be consistent with historic interest rates, for example, time preference 

and intertemporal substitutability must be positively correlated. By how much and with 

what degree of certainty is a question best addressed by data. Finally, given the extremely 

long horizons involved in climate change analysis, it is not surprising that the results are 

extremely sensitive to variation in preferences across time. Without a consistent method 

of aggregating over these preferences, optimal policy responses will depend quite heavily 

on which rate of pure time preference is assumed - without any assessment of how bad an 

incorrect guess will be.

The short answer to the question posed is that uncertainty does matter. First, ignoring it 

leads to policy recommendations which are too slack with welfare gains 30% below that of the 

optimal policy incorporating uncertainty. Second, a large part of the consequences - around

^An error in interest rates will bias the valuation since policy costs typically occur in earlier years than 
policy benefits.

a



fifty percent - arises solely from modeling uncertain preferences (versus uncertain technology 

or climate parameters). Third, taxes are significantly more efficient under uncertainty than 

rate controls. These three points could not be made without the kind of model developed in 

this paper.

Details of the integrated climate-economy model are laid out in Section 2. While the 

climate portion follows earlier work by Nordhaus (1994b), the economic model is based on a 

real business cycle (RBC) approach. Exogenous productivity changes are viewed as stochas­

tic rather than deterministic phenomena and optimal intertemporal behavior is analytically 

approximated rather than numerically optimized. Also in this section the quantification 

of uncertainty is summarized and preference aggregation is discussed. Additional informa­

tion about the RBC-style analytic approximation, econometric estimation, and the choice of 

social welfare functions is given in the appendix.

Section 3 examines the question of optimal control rates under uncertainty. In particular, 

do models with and without uncertainty recommend the same reductions? To answer this 

question, two policies are computed; one which is optimal with uncertainty as described in 

Section 2 and another which is optimal using median parameter Vedues throughout the model. 

These policies are compared both in terms of stringency and social welfare relative to the 

policy ignoring uncertainty. The optimal policy under uncertainty involves an additional 6% 

reduction in CO2 emissions initially (an 8.4% versus 7.9% control rate), rising to an additional 

20% in 30 years and over 50% in 80 years. Perhaps surprisingly, around half of this increase 

C2in be reproduced by modeling preferences as the sole source of uncertainty. The certainty 

equivalent welfare gain is $73 in current consumption per capita for the optimal policy which 

incorporates uncertainty versus only $58 for the optimal policy ignoring uncertainty.

Section 4 explores the difference in efficiency between price and qucintity instruments as 

a mechanism for regulating carbon dioxide emissions. From the early work of Weitzman 

(1974), we know that uncertainty about marginal costs leads to unequal consequences for 

price and quantity controls which are otherwise equivalent. However, it is unclear from
r

3

]



casual observation which instrument will be more efficient and whether the difference willte 

of practical significance. This section shows that taxes are preferrable to quantity controls 

and that in terms of social welfare, the difference is significant. The optimal tax generates a 

$86 certainty equivalent gain while the optimal rate generates a $73 gain.

2 Model 

2.1 Overview

The purpose of the model is to translate a climate change policy - either a tax or control rate 

- into a meaningful welfare measure of its consequences. This welfare measure, in turn, has 

two purposes: 1) to facilitate the calculation of optimal policies by maximizing the measure 

over a well-defined class of policies, and 2) to provide a metric for comparing policies drawn 

from different classes. Such classes might include taxes versus quantity controls, or policies 

which consider uncertainty versus those which ignore it.

The process of computing the welfare associated with a given policy can be viewed as 

a three-step process. First, for any given state of nature we need to determine how the 

economy and climate will evolve in the presence of the policy. This requires a model of 

consumer and producer behavior, a climate model, and links between the two. Second, a 

sample of states of nature (sets of values for all the model parameters) must be generated 

representing our view of uncertainty. Third, using the model to generate a set of outcomes 

for each of the sampled states of nature based on a particular policy, we need to assign a 

single measure of the social value associated with that policy. When preferences vary from 

state to state, this is a non-triviaJ task even when a representative agent model is used within 

each state.

In the first step, a modified stochastic growth model is used to capture consumer behavior 

in each state. Standard stochastic growth models choose the level of aggregate consump­

tion each period based on the optimal behavior of a representative consumer in the face of 

a
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random IID exogenous shocks to productivity.^ In contrcist, this paper models the trend 

in productivity as both declining over time and endogenized to depend on climate change. 

However, these distinctions are ignored by the representative consumer.'* This strategy hcis 

two important consequences. Consumption remains optimally allocated across time in ev­

ery state. Therefore, the intertemporal consequences of any climate change policy will be 

correctly valued. Equally important, for any given state the evolution of the economy and 

climate is easily determined: the 400 period path for each of 1000 states can be computed 

in less than 5 seconds on a desktop computer.

For the second step, uncertainty is quantified two ways. Economic uncertainty (de­

scribing preferences, technology and current exogenous productivity trends) is based on an 

econometric analysis of historical data. Climate and long-term trend uncertainty (describing 

the climate consequences of economic activity, damages due to climate chzinge, and even­

tual slowdowns in productivity and population growth) is based on discrete distributions 

developed in previous work.

The third step is to aggregate the results over many states into a single welfare measure. 

Based on the idea of cardinal unit comparability among suitably scaled utility meaisures in 

each state, social welfare is computed ais cin arithmetic average. This approach requires a 

somewhat arbitrary choice of utility scaling eind eliminates the possibility of distributional 

considerations. While subject to criticism on both issues, it highlights a point which has 

been skipped in much of the discussion of climate change. Uncertainty about consumer/social 

preferences cannot be overcome without some aggregation scheme.

®For a recent summary of the solution techniques for stochastic growth models see Taylor and Uhlig 
(1990).

■*The productivity slowdown and economy-climate links are based on William Nordhaus’ (1994) DICE 
model. The fact that the consumer ignores these features has a negligible impact on the resulting path of 
consumption because the productivity slowdown and climate consequences (e.g., loss of output) occur quite 
gradually in the DICE model.



2.2 State-contingent Model

2.2.1 Economic Structure

Economic behavior within each state is derived from a representative agent model where 

consumption must be optimally allocated across time. In a model with constant exogenous 

productivity growth, preferences lead the economy to converge to a steady state. In the 

presence of random shocks and slowly changing trends, the economy instead converges to an 

ergodic distribution of states (due to the random shocks) which is itself slowly evolving (due 

to the slowly changing trends).

The representative consumer in this model exhibits constant relative risk aversion r with 

respect to consumption per capita. Utility is separable across time, discounted at rate p and 

weighted each period by population. With the further assumption that preferences satisfy 

the von Neuman-Morgenstern axioms, the consumer’s optimization problem can be written

max E 
c, f;o. <=0 IT

(1)

where is consumption in period t and Nt is population. This consumption program 

{Co, Cl,... } is subject to the resource constraints

= {A:N,Y-^K^ (2)

and

Kt+i = A'i(l - 5k) + Yt-Ct (3)

where Yt is aggregate output, is net labor productivity and Kt is the capital stock. The 

parameter 6 summarizes the Cobb-Douglas production technology given in Equation (2) and 

5k reflects the rate of capital depreciation in the capital accumulation equation (3). Finally, 

there is a transversality condition for a balanced growth steady state.

p > (1 — t) X (asymptotic growth rate of A*) (4)



This is always satisfied by assuming zero growth eisymptotically.

Even with exogenous constant growth models for Nt and A;, the dynamic optimization 

problem given by Equations (1-3) is difficult if not impossible to solve analytically.® However, 

choosing

Aln(A^f+i/A^t+i) = Oi + a2(ln(A't/A^<) - ln(>lj)) (5)

and

Ct = Kt{l-5,) + Yt-Kt^, (6)

- where qi and are functions of the parameters (p, r, 0,5k) - yields a close approximation 

of optimal consumer behavior. This technique of approximating optimal dynamic behavior 

has its origins in the real business cycle literature beginning with Kydland and Prescott 

(1982). A simple derivation of expressions for ai and Q2 is given in Appendix A.

2.2.2 Long-term Growth, Climate Behavior and Damages

This section explains the remainder of the state-contingent model, including growth projec­

tions, climate behavior and damages from global warming [based primarily on the DICE 

model, Nordhaus (1994b)]. Net labor productivity, is modeled as the product of exoge­

nous, gross labor productivity. At, a factor describing control costs, and a factor describing 

climate deimages:

control costs

a; = l + {Do/9)
At (7)

damages

fit is the fractional reduction in CO2 emissions at time t (the “control rate”) versus a business 

as usual/no government policy baseline, while 61 and 62 parameterize the cost of attaining 

these reductions. Tt is the average surface temperature relative to pre-industrialization and 

®Long and Plosser (1983) derive an analytic solution for the case of rf* = 1 and limr 1 (log utility).
•T
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Do is the fractional loss in aggregate GDP from a 3° temperature increase. The form of the 

control cost function is derived from an econometric analysis of a number of previous studies. 

The damage function is considerably more ad hoc. See Nordhaus (1993) and Nordhaus 

(1994a) for additional details on costs and damages, respectively.

Exogenous labor productivity At is modeled as a random walk in logarithms with an 

exponentially decaying drift. That is,

log(^i) = log(At-i) + 7a exp(-5a0 + (TaCt (8)

where 7a is the initial growth rate, 5a is the annual decline in the growth rate, CTa is the 

standard deviation of the random growth shocks and Cj is a standard NIID random shock. 

Population is modeled simileirly but without the stochastic element;

log(iV,) = log(iV,_i) + 7n exp(-5„0 (9)

where 7„ is the initial growth rate and 5„ is the annual decline in the growth rate. Note 

that these models predict zero growth asymptotically, though this may occur centuries in 

the future.®

The remaining portion of the model explains the link between economic activity (mea­

sured as aggregate output Yt) and warming (measured as the average surface temperature 

Tt). The first step is linking output to emissions:

E, = a,(l - n,)Y, [ ^ 1-e
(10)

where Et is emission of CO2 , crt is an exogenous trend in emissions/output, and fit is the
/ . \ i-fl

rate of emissions reductions induced by the policymaker. The expression Yt ( ^ j reflects

“raw” output prior to reductions due to damages and control costs. The model of <7t is, ais 

with labor productivity and population, based on exponentially decaying growth;

log(CTt) = log(cr<_i) + 7a exp(-(ja0 (11)

®For example, the range of parameters used in the simulations (with Sa/n € (0.25%, 2.5%)) leads to a 
halving of the growth rates every 20 to 200 years.



where is the initial growth rate of emissions/output (a negative number) and 6a is the 

annual decline in the growth rate. Note that the annual decline in the emissions/output rate 

is the same as the annual decline in labor productivity growth (^a)- 

Emissions of CO2 accumulate in the atmosphere according to:

Mt - 590 = pEt-i + (1 - - 590) (12)

where Mt is the atmospheric concentration of CO2 in billions of tons of Ccirbon equivalent. 

/? is a measure of the retention rate of emissions. Low values of 0 indicate that emissions do 

not, in fact, accumulate while a value of unity would mean that every ton of emitted CO2 

becomes a ton of atmospheric CO2. The parameter 6^ plays the role of a depreciation rate: 

it is assumed that CO2 in the a,tmosphere above the pre-industrialization level of 590 billion 

tons slowly decays. This decay reflects absorption of CO2 into the oceans which axe assumed 

to be an infinite sink.

Above average concentrations of CO2 in the atmosphere lead to increcised radiative forc­

ings, a measure of the rate of transfer between solar energy produced by the sun and thermal 

energy stored in the atmosphere. This is modeled-according to

Ft = 4.1 X log(A/t/590)/log(2) -b Ot (13)

where Ft measures radiative forcings in units of watts per meter squared. The specification is 

such that a doubling of CO2 concentrations leads to a roughly four fold increase in forcings. 

Ot in this relation represents radiative forcings due to other greenhouse gases and is assumed 

exogenous to the model:

0* =
0.2604 -b 0.0125t - 0.000034^ if t < 150 

1.42 otherwise

Increased forcings lead to temperature changes according to

Tt = Tt., -b (l/i?i) [F, - \Tt-, - (F2/rn)(r,_i - TU) 

t; = + {i/R2){R2lrn){Tt-i -

(14)

(15)

(16)



Figure 1: State-contigent model

Stan of peiiod state: 
(K..A,N,o,.M..T,T.*) end of period state:

(A,,,, N,*|, o,*|, M,,,, T„t, T„| )

economic model
compute output. Y,. (2,7) 
compute new capital stock. K,.,. (5) 
compute consun^tion. C,. (6)

State-contingent 
utility measure

compute cuirent period utility. (1)

climate model
compute new concentrations, M,.,. (10.12) 
compute new tempetanues. T,., fr,.,. (13-16)

trend model
compute new exogenous productivity A,,,. (8) 
compute new population, N,.„ (9) 
compute new emissions/outpuu o„,. (11)

where Tt is the surface temperature and Tf is the deep ocean temperature, both expressed 

in changes relative to pre-industrialization levels in degrees Celsius. Note that if = 590 

and Oj = 0 (e.g., pre-industrialization), Tt and T; will equilibriate to zero. The parameter 

A describes the equilibrium change in surface temperature for a given change in radiative 

forcings. In particular, based on (13) and (15), a doubling of the concentration of CO2 in the 

atmosphere will lead to a 4.1/A rise in surface temperature in the long run. This parameter 

4.1/A is a measure of the temperature sensitivity of the atmosphere.^

The parameters i?i, R2 and T12 describe the thermal capacity of the surface atmosphere 

and deep oceans and the rate of energy transfer between them, respectively.

2.2.3 Summary of State-contigent Climate-Economy Model

The state-contigent model is now complete. Figure 1 shows schematically how the model 

evolves over time and how policy (a path of reductions {/i(}) is translated into a state- 

contingent utility measure (as measured in Equation (1)).

At any point in time, the vector {I<t, At, Nt,at, T/} completely describes the state

of the economy and climate. The three somewhat distinct portions of the model - economy, 

by itself is referred to as the climate feedback parameter.

10



climate and trends - are then used to evolve the current state into the next period state. The 

economy and climate models make use of the policy variable Ht describing emission reductions 

in order to compute control costs and realized emissions, respectively. The realized path of 

consumption is an output of the economic model which is then used to evaluate the utility 

associated with implementing the policy in this state.

A key innovation relative to similar models is the use of Equation (5) to capture optimal 

intertemporal consumer behavior without performing a numerical optimization. This reduces 

by an order of magnitude the time required to evaluate policy while preserving the proper 

intertemporal prices.

2.3 Quantifying Uncertainty

Estimates of uncertainty in the model come from two sources: econometric analysis and 

subjective assessment. The model involves nineteen different parameters. Six are p<irameters 

describing observable economic activity:

• pure time preference p,
• risk aversion r,
• output-capitcil elasticity 6,
• productivity growth 7„,
• Vtiriation in productivity growth and
• depreciation Sk.

A joint distribution for these parameters is estimated with historical data. The remaining 

thirteen describe emissions:

• emissions rate growth 'y^, 

climate change:

• CO2 retention rate /?,
• temperature sensitivity 4.1/A,
• CO2 decay rate 6^,
• thermal capacities and conductivities i?i, R2 and Ti2, 

control costs and damages:

• cost function parameters 61 and 1)2,
r



• fractional loss of GDP for 3° temperature rise Do, 

and long-term growth trends

• population growth 7„,
• productivity slowdown 5a,
• population slowdown

Uncertainty about these parameters is baised on subjective analysis.

The econometric analysis of the six economic parameters is based on post-war U.S. data as 

described Appendix B. Series describing aggregate investment, capital services, output and 

prices are fit to the model described by Equations (2),(3) and (5). The posterior parameter 

distribution which arises from this analysis is summarized in Table 1.

Nordhaus (1994b)® develops a distribution for the remaining parameters based on a 

two-step subjective analysis. The first step involves testing his model’s sensitivity to each 

parameter being changed, one at a time, to a more extreme value. Those parameters which 

produce the largest variance in model output are then further scrutinized. A discrete, five- 

value distribution is developed for seven of these thirteen variables. The remaining six 

are fixed at their best guess values. The distribution of the seven uncertain parameters is 

summarized in Table 2. Values of the six fixed parameters eis well as initial conditions for 

the model are given in Table 3.

2.4 Social Welfare

Once we concede that preferences are imprecisely known, the next logical step is to formulate 

a social welfare function to aggregate over these preferences. This social welfare function 

then allows the policymaker to compare alternatives in the face of such uncertainty. While 

it is more common to envision aggregation over different individueils, here different states 

of nature are being aggregated, each with a single but unique representative agent. It is 

important to recognize that although the parameters of a representative agent model can

be inferred from observed consumer behavior, there is no information available to infer 

®Chapters 6 and 7.
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Table 1: Marginal distributions of uncertain economic parameters 
(narrow bars indicate values used in simulations without uncertainty)

description symbol equation distribution

pure rate of time 
preference P (1)

coefficient of risk aversion r (1)

output-capital elasticity 9 (2)

rate of capital 
depreciation

initial productivity 
growth rate

standard error of 
productivity shocks

(3)

7a (8)

(8)

0.00 0.01 0.0e 0.03 0.04 0.05 0.06 0.07 0.08

0.042 0.044 0.046 0.048



Table 2: Discrete distributions of uncertain climate/trend parameters
(narrow bars indicate values used in simulations without uncertainty)

description symbol equation distribution

annual decline of 
population growth rate

annual decline of 
productivity growth rate

initial growth rate of 
CO2 per unit output (lO).(ll)

0.00 -0.01 -0.02 -0.03

damage parameter 
(% loss of GDP for 3” 
temperature rise)

cost function parameter 61 (7)

-I----------- 1 I
0.00 0.01 0.02 0.03

retention rate for CO2 
emissions (12)

temperature sensitivity 
to CO2 doubling (in °C) 4.1/A (13),(15)

012345



Table 3: Description of fixed parameters"

parameter symbol equation units value

cost function parameter 62 (7) 2.887

decay rate of atmospheric CO2 Sm (12) 0.00833

1/thermal capacity of atmosphere lIRx (15) °C-meter*/watt-year 0.048

thermal conductivity b/w 
atmosphere and oceans

(15),(16) watt/^C-meter^ 0.44

1/thermal capacity of deep oceans \!R2 (16) “C-meter^/watt-year 0.002
0.44

1995 global population No (9) millions of people 5590

initial population growth 7n (9) 0.0124

initial rate of CO2 emissions 
per unit of output

(11) billion tons CO2 per 
$1989 trillions 0.385

1995 global capital stock Ao (2),(3) $1989 trillions 79.5

1995 global output n (2).(3),(10) $1989 trillions 24.0

1995 atmospheric 
concentrations of CO2

Mo (12) billions of tons 
of C equivalent 763.6

1995 surface temperature** To (7),(15),(16) "Celsius 0.763
1995 deep ocean temperature** To (15),(16) "Celsius 0.117

“All fixed parameters are from Nordhaus (1994b). The parameters that do not depend on time are from 
Nordhaus’ Table 2.4. Initial values for temperature, CO2 concentrations, and output in 1995, as well as the 
initial annual growth rate for population, are based on the Nordhaus base case simulation. The 1995 capital 
stock is adjusted upward to reflect differences in the definition of capital as well as underlying parameter values. 
The decay rate of atmospheric CO2 is divided by ten to convert from a decennial to annual rate. The annual 
thermal capacity of the ocean and atmosphere are from the second line of Nordhaus’ Table 3.4b.

'’Temperatures are measured as deviations from the pre-industrialization level, circa 1900.



pararncters of the social welfare function. Instead, we must rely on social choice theory and 

our own sense of fairness.

The common approach in the climate change literature gets around the issue of uncertain 

preferences by reporting a range of policy prescriptions based on a range of possible prefer­

ences and states of nature. For example, Cline (1992) presents benefit-cost analyses for 92 

different cases (Tables 7.3 and 7.4). Dowlatabadi and Morgan (1993) integrate out much of 

the uncertainty in their analysis, but still present results for 48 scenarios. Nordhaus (1994b) 

gives one of the few examples where all uncertainty including preferences is integrated out 

to yield a single policy recommendation (Chapter 8). However, the social welfare function 

implicit in the analysis is not revealed.

As most authors observe, uncertainty about time preference tends to dominate many 

policy considerations. Moreso, in fact, than uncertainty about climate sensitivity and dam­

ages. It is therefore important to consider how to aggregate over such preferences rather 

than guessing.

In this analysis it is assumed that social welfare is an average of rescaled utility measured 

in each state of nature (given by Equation (1)). The rescaling serves to equate the marginal 

social welfare of one additional dollar of current consumption in all states of nature. While 

arbitrary, some kind of adjustment is necessary to prevent the resulting policy prescription 

from being sensitive to the choice of units in the model (e.g., using dollars rather than 

thousands of dollars as the unit of account; see explanation in Appendix C). Social welfare 

can then be written as

I
SW{x) = r'Y,u{x,i) (17)

1=1

where u(x,z) is rescaled utility in state i with outcome x and 5W(i) is the social welfare 

associated with i. The rescaling is such that

u(-|-$l p.c. in initial period, z) — u(0, z) = u(-(-$l p.c. in initial period, j) — u(0,j) Vz, j 

Th^t is, a policy corresponding to an extra dollar of per capita in the initial period is assumed



to have the same utility iu every state relative to a no policy (0) baseline. ’

This social welfare function has its origins in the literature on social choice. Harsanyi 

(1977) shows that in defining social welfare over lotteries, if individual preferences satisfy 

the von Neumann Morgenstern axioms then social welfare must have this weighted average 

form. Otherwise, social preferences will fail to mimic individual preferences over lotteries 

involving only that individual. This functional form can also be derived from the assumption 

of cardinal unit comparibility, as discussed by Roberts (1980). A more general functional 

form therefore requires both integrating out uncertainty from the representative agent’s 

perspective (to satisfy Harsanyi’s point) and more stringent assumptions about the level of 

Utility comparibility (to satisfy Robert’s point).

3 Does Uncertainty Matter?

To understand whether uncertainty significantly affects decision making and welfare conse­

quences, two optimizations are performed. The first looks for the optimal CO, reductions 

based on the model developed in the previous section and the parameter distributions given 

in Tables 1 and 2. The second assumes there is no uncertainty. All uncertain parameters 

are fixed at their median values and the variance of the random exogenous growth shocks is 

set to zero (as indicated by the narrow bars in Tables 1 and 2). There is only one state of 

nature.

3.1 Policy Stringency

The resulting policies are shown in Figure 2. The initial difference between policies is small, 

7.9% ignoring uncertainty versus 8.6% with uncertainty included. In thirty years these 

differences are higher, 10.4% versus 12.8% in 2025. By the end of the next century, however, 

the rate is almost doubled when uncertainty is considered. Uncertainty clearly has a dramatic 

effect on the future path of the optimal control rate, but with a relatively small conseq

for immediate decisions 
uence

r



Figur6 2. Optimal climate change policy with and without uncertainty

c ® 0.10-

£ 0.05 -
-----  optimal policy with uncertainty
----- optimal policy ignoring uncertainty

What explains this pattern of small policy consequences now and large ones later? Sur­

prisingly, much of the consequences (roughtly 50%) can be traced to uncertainty about 

future interest rates, rather than climate or other economic uncertainty. This can be seen 

by reoptimizing the policy for a model with only pure time preference p and risk aversion 

r uncertain, as illustrated in Figure 3. In contrast, a reoptimized policy based on modeling 

only the climate parameters (7^, Do, 61, /?, and 4.1/A) as uncertain yields essentially the 

same results as completely ignoring uncertainty.

Intuitively, Figure 3 shows the consequences of non-linearities in the first order conditions 

generating the optimal policy. If these first order conditions were linear in the uncertain 

parameters, replacing uncertain parameters with their means would have little effect. As 

it turns out, these conditions are highly non-linear functions of the interest rate but fairly 

linear in terms of the climate variables. Recall, for example, that the value of an annuity with 

coupon P and interest rate i is P/z - a highly non-linear function near i = 0. Furthermore, 

the interest rate is relatively well known during the initial periods of the simulation but 

less precisely known - and possibly near zero - in the future. Thus the policy effects of 

uncertainty are higher in the future.



Figure 3: Decomposition of nolicy conseouenr^. 

— optimal policy with uncertainty
-- optimal policy with only p and T uncertain ✓
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3.2 Welfare

In spite Of the differences depicted in Figure 2. the welfare consequences of the two policies

^^nunc,ear. Suppose wean^yaebothpoliciesusingthemodeiin Section.reffeclgth^

nncertmnty summarized in Tab.es 1 and 2. Does the policy which ignores uncert.nty leave



US substantially worse off, given that uncertainty is in fact present? To answer this ques­

tion, it is necessary to convert the social welfare measure used to determine these optimal 

policies in Equation (17) into a more meaningful metric. A natural vehicle for comparison is 

the certainty equivalent change in first period consumption yielding the same welfare conse­

quences as the given policy. For example, implementing the policy which ignores uncertainty 

improves social welfare by 0.32 units bcised on Equation (17).® A similar improvement in 

social welfare can be achieved by exogenously raising per capita consumption by $58 in the 

first period in every state of nature.

The alternative policy which optimizes over uncertainty leads to a certainty equivalent 

gain of $73 - a 25% improvement. The source of this improvement tends to be those states 

with low costs (6i I), high damages {Dq t), high temperature sensitivity (4.1/A |), low 

pure rates of time preference {p 4-), rapid productivity slowdown {Sa t)> but high population 

growth {6n 4-)- In these states, the marginal costs to reduce emissions are low and the 

marginal benefits are high. Therefore, a more stringent policy will be preferred. While 

opposing cases (e.g., high costs, low damages) favor less stringent policy, such cases tend not 

to be as extreme. This is the non-linearity discussed earlier. In other words, once uncertainty 

is considered bad states of the world tend to be more extreme than good states and motivate 

additional stringency.

4 Instrument Choice

Uncertainty about the cost of reducing emissions leads to alternative consequences for quan­

tity and price instruments. This suggests that welfare gains might be achieved by using 

taxes rather than rate controls to reduce emissions. The obvious experiment is to optimize

®It turns out that computing the welfare gain is complicated by extremely fat tails in the distribution 
of state-contingent welfare gains. Even with 50,000 draws, the mean welfare gain had not yet converged to 
its asymptotic normal distribution (a sample of 38 such means rejected normality at the 10“® level). The 
somewhat ad hoc solution used here censors all gains higher than -1-150 and lower than —12 utility units. 
This corresponds to censoring at —$1,200 and -t-$ll million in terms of certainty equivalent gains and affects 
0.1% of the states. This approach was chosen so that the reported results, if anything, are understated.



over a tax policy and then compare the resulting welfare gains.
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uncertainty and implements the optimal rate policy would improve social welfare by $58 

per person (where the measured gain is based on the assumption that uncertainty does, in 

fact, exist). He or she would not have any reason to consider tax instruments since they 

are equivalent in the absence of uncertainty. Compare this outcome to that of a second 

policymaker who considers uncertainty and computes both optimal tax and control rate 

policies: This policymaker would see that taxes perform better and, in implementing the 

optimal tax policy, would improve social welfare by $86 per person. This represents a net 

improvement of nearly 50% over the first policymaker’s outcome.

Why are taxes prefered to rate controls? Weitzman’s original insight was that this would 

be true when the elasticity of reductions demand (e.g., benefits) exceeded the elasticity of 

reductions supply (e.g., costs). The left panel of Figure 4 illustrates this intuition: when 

the cost curve shifts (dashed lines), the optimal shadow price (intersection of costs and 

expected benefits) is relatively constant compared to the control rate. This is only part of the 

reason, however. Weitzman’s analysis was based on constant elasticities and, importantly, 

independent shocks to supply and demand. Here, high benefits occur when productivity 

growth declines rapidly ((J„ f), in turn permitting low rates of pure time preference to 

generate high expected benefits more quickly, as discussed in Section 3.1. But a high value 

of 5a, by the definition of the emissions rate (11), also leads to higher values of at and low 

marginal control costs by (18) (recall that growth in at is initally negative). Hence upward 

shifts in the benefits curve are correlated with downward shifts in the cost curve. Examining 

the right panel of Figure 4, we see that this also leads to a preference for taxes since the 

optimal shadow price is again less variable than the optimal rate.

4.2 Value of emission rights

Another way to view the dichotomy between taxes and rate controls is in terms of the value 

of emission rights. Based on a tax instrument, the value of emission rights is held constant 

across states at the given tax rate. Under a rate or quantity control, however, emission
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Figure 5: Value of emission rights under alternative policies

- - - optimal rate policy with uncertainty
(median, 50% and 95% probability intervals) 
optimal tax policy with uncertainty 

^ — optimal tax policy ignoring uncertainty

£120-

5 Conclusion

This paper has sought to inject discussions of climate change policy with a dose of skepticism 

regarding the limitations of models which ignore uncertainty. Excluding uncertainty tends to 

reduce expected benefits due to highly non-linear relations leading to policy recommendations 

which are too lax. Much of this effect can be related to agent preferences; over half the noted 

consequences can be replicated with preferences as the sole source of uncertainty. This raises 

the issue of how to aggregate over preferences, a question which is at once both controversial 

but necessary. Finally, uncertainty about costs introduces a dichotomy between price and 

quantity controls. In the Ccise of carbon dioxide emissions, taxes perform better. The welfare 

gain cLSSOciated with the optimal tax instrument is $86 per person whereas the gain associated 

with the optimal rate instrument is only $73. An optimal rate policy computed in the absense 

of uncertainty has a gain of only $58.

While the results of this analysis should be taken with many of the same caveats accorded 

other integrated assessment models (the dependence on stylized and simplified models, pa­

rameterization, etc.), there are important distinctions to be made. This is the first dynamic 

general equilbrium model to incorporate large numbers of uncertain states of nature. It is
4r-
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Appendix

A Notes on Solution Algorithm

Th.s approach turns out to work rather well for three reasons- First the e

—y close to the steady state defined by the initi. growth ratZseldTr,-”"

m determ.mstm growth rates, described in Equations (8-9), has little effect on theZror

.mat.on parameters. Third, the shocks away from the steady state from b tb

^

Wh,le there are many ways of deriving expressions for a. and 03 in terms of th

nation to the saddle^
ZhT'dT"”"

path around the steady state in CM,

We begin with the Euler equation arising in a balanced growth equilibrium (where . =



^og(^t) - log(^i-i) and 7„ = log(A^t) - log(jVt_i) are constant V

f C't+i/yVt+i V 
Q/N, ) = (1 + p)-^ + 1 - <5,) (A.l)

At the balanced growth equilibrium ’^'"^c\TnT = ®^P(7a) so (A.l) can be solved for steady 

state capital stock per efficiency unit of labor, A't+i/(A*^i A«+i) = 7\^ = ^H±£)?xp(-voT)-(i-f,,)^ »-i 

The capital accumulation equation (3),

= A',(l - Sk) + {A-Ny-^Kf - Ct (A.2)

then yields steady state consumption per efficiency unit of labor Ctf{A^Nt) = +

(l-(Jfc-exp(7a + 7„))A"b

The approximation (5) is made by taking total derivatives of both (A.1-A.2) with respect 

to log(.^t+i), log(A'i), log(C<+i) and log(Ct) around the steady-state values R't = A't+i = A'^ 

and Ct = Ct+i = CK This leads to the expressions

r(dc<+i - dct) = Kck dkt+i (A.3)

exp(7a + ln)dkt+i = Kkk dkt + /cjtc dct (A.4)

where dct = log(Cf) — log(C^) is the log deviation of Ct and dkt = log(A't) — log(A^^) is the 

log deviation of Kf /Ccfc, «Jtit and Kkc are constants, the derivatives of the log of the right 

hand side of (A.l) with respect to log(A't+i) and of the log of the right hand side of (A.2) 

with respect to log(A't) and log(Ct).^^ Subtracting (A.4) from the same expression evaluated 

one period forward yields

exp(7a + ln){dkt+2 - dkt+i) = Kkk{dkt+i - dkt) + Kkc{dct+i - dct) (A.5)

Equation (A.3) can then be used to substitute for dct+\ —dct, leaving a second order difference 

equation in dkti

exp(7a + 'rn){dkt+2 - dkt+i) = Kkk{dkt+i - dkt) + («c*:/t) dkt+i (A.6)

^^The Euler equation can be derived from Equation (1) by ignoring random productivity shocks and 
examining a perturbation which decreases consumption in period t, invests the extra output, then consumes 
the gross return (interest and principal) in period t + 1. If the path of consumption is indeed optimal, this 
should have no effect on utility and leads to the condition given in (A.l).

^|Note that n^k = (l + p)-^(e~ 1)SA'I®-* exp(-7<,r), Kkk = (1-I-p) exp(7ar), and Kkc = -C^K^



model:

Ac; = 7a + Ct

Akt = (qi - 02^2) + 02{kt-i - (a;_i - a^)) + ri2t 

T/t = (1 — ^)co + 9kt + (1 — 9){a“ — al) + riu

AVi - (y, - Ct) 
h't

= l — Sk + f]3t

Py,Y, =^ + "'

I't = Tvl/j-i + 774J

(B.ll)

(B.12)

(B.13)

(B.14)

(B.15)

(B.16)

Here a^ — log(>l*), fcj — log(Ai/A^j), y, — log(yt/A<), Pk,i is the price of capital services 

and Py,t is the price of output; the remaining variables are as defined in Section 2P The 

disturbances T]t and are assumed to be jointly NIID with zero covariance (note that the 

capital share is defined with an autoregressive error). This specification defines a likelihood 

function describing the distribution of data and unobserved productivity shocks conditional 

on the model parameters.

This likelihood function coupled with a prior distribution over the parameters can be used 

to obtain a function describing the posterior density of the parameters and productivity 

shocks conditional on the observed data.*'* This is Bayes’ rule. Obtaining a sample of 

draws from the posterior density is difficult, however, as the distribution is non-standard. 

To generate the distributions shown in Table 1, the Gibbs sampler was used.^® Rather 

than drawing combinations of all the parameters at once, the Gibbs sampler draws each 

unobserved parameter sequentially based on its distribution conditional on the previous draw 

of all other parameters. A chain of draws is formed which converges to the joint posterior

^^The data, for the years 1952-1992, is from the U.S. Worksheets [Jorgenson (1980); see Ho (1989) and 
Wilcoxen (1988) for further details]. Output is a divisia index of output of consumption goods (c790+c781), 
investment goods (c789) and government services (c943). Capital is aggregate capital services (c667). 
Changes in relative prices among output goods (c792, c761, c791, c395) are subsumed into quantity changes 
for simplicity. Population is 16-1- (c941).

^‘‘The Jeffrey’s prior (see Section 2.8 of Gelman, Carlin, Stern, and Rubin (1995)) is used for each param­
eter, restricted to the economically relevant parameter space (e.g., 0 < ^ < 1, > 0, Q2 < 0).

^^Geman and Geman (1984), Tanner and Wong (1987), Jacquier, Poison, and Rossi (1994).



From (5) and the observation that when K, - A't .u r "

M ^ f-

Ai, _ „e Ww that 

c. pe. capita 

is .slog(A-.), This leads 

to

- la - O2 Iog(/\

and suggests a guess for solution to (A.6):

(A.7)

(since d,.. - d, = A,„ - , = „,d,,. Then (A.a) fields the chasactetistic equation 

«P(T. + T„) [(ns ^ ^ ^

which can he used to find ns in teems of and a.,:
(A.9)

(“s + i) =
2eT'«+'i'n ---------------------—Hi

P 
Ct _ I 5 ’ ^ ~ °'^*’ 

(A.IO)

T” = “-M2 we have A'* = 7 8

The fact that we can hnd a value of os which satisfies (A.6) validates out initial 

guess mely, a hneae eule foe Ah,« in teems of h, - u; as in (5) oe equivalently (A.8).

B Notes on Econometrics

The model given by Equations (2), (3) and (5) can be coupled with the ' 

■ ,•
~~

g uee slowdown and climate consequences) to yield the following econometeic



distribution.

e d.stnbut.on used i„ this paper is based on ten chains of 1500 draws with the first 500 

u.,n, that the reduced for™ parameters o. and map bach into meanin^u, structural 

parameters p and r.

C Notes on UtUity RescaUng

Policy consequences in a given state are always expressible in terms of a first period con-

-pt.on equivalent. Letting C,,(x) be this consumption equivalent for state i and policy

. a social welfare function which simply averages utility yields

5PT(x) = /-I ^ (C'.-.i(x)/Ar,)i-n

Whom iV. IS the first period population (known with certainty) and r, is the coefficient of

^
sociail T°r ""
social the social welfare associated with policy r 

toi
sw{x) = 7-1 (cUfV^v^

=r=;—proposed solution takes the form

SW(x) = /-*53(C,,(0)/Ar,)r.(aiMZ^^
.• 1 - Ti

where Ci.i(0) is the consumption level in the absense of policy and

u(x,i) =

is the rescaled utility measure in (17). Note that renormalizing the units of consumption 

no longer affects the policy ordering.
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