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William A. P#

Uncertainty about compliance costs causes gtfierwise equxvalent price and quantity controls to
behave differently. Price controls ~ in the form of taxcsh-w fix the marginal cost of compliance,
leading to uncertain levels of compliance. Mﬂanwhxlc quamity ‘gontrols ~ ¢.g., tradeable permits
or quotas — fix the level of compliance, leat ing to uncergdin marginal costs. This fundamental
difference in the face of cost uncertainty itq---dlfferﬁnt welfare outcomes for the two policy
instruments. Seminal work by Weitzman‘(1974  this point and derived conditions under
which one policy is preferred to the other. K

Such a situation — where tax and permit policies hav sed and cost uncertainty is
pcrvasxve accurately describes the current debate concermng pol to reduce greenhouse gas
cmissions, specifically carbon dioxide generated by fossil fuel combustion. Despite the consider-
able attention given to the political, welfare and revenue dxffereqpcs between taxes permits, only
anccdotal evidence has addressed: g'uncertainty about costs.

This paper simulates uncertaintyijn an integratagy nomy model in order to compare
the efficiency of taxes and permits. Tfié_i!;‘_gsults mc_!icate that an optimal tax policy generates gains
which are five times higher than the optlmal permit policy — a $337 billion dollar gain versus
$69 billion. This result follows from the ‘bisgie’' Weitzman intuition that relatively flat marginal

out of standard assumptions about likely climate

benefits/damages favor taxes, a feature that drof
damages.

:ﬁ_}pnal permits to be.purchased at a fixed price, leads to an even
5tém would preserye the polmcal benefits of a permit system —

namely preferennal. distribution’;
‘ expcctedl
m !

gh 608t “This combined permit-fee system may provide a
a pure penmt system which could prove too costly or a pure

ii



09-02-1997 17:24 202 9393460 RFF P.04

Contents
1 Introduction 1
2 Model Overview 3
2.1 Description .. ... 0000 : cee.. 3
2.2 Key Modeling Assumptions 3
221 Trends. . ..... ... .. 4
222 Damages ........ R R 4
223 Costs . . .o v v 0 6
3 Single Period Policy Simulations | 7
3.1 Weitzman's Result 7

B Measuring Unicert

3.2 Marginal Costs and Benefits . . ... . ' e 9
3.3 Welfare Consequences of Pure Tax and Penmt
3.4 Combining Taxes and Permits . .

Dynamic Policy Under Unqerhmt
4.1 Baseline Emissions . .
42 Optimal Permit Policy
43 Optimal Tax Policy . . ..
4.4 Combined Permit-Fee Mechan
4.5 Costs Only Comparison . . . . . .

Conclusion

Model Specificatjd
A.l Economic;Béhavior .
A2 Long-tcr&\ Growth, CIf atc thpv'
A3 Social Wp}fare ;

iii



08-02-1997 17:24 202 9393460

List of Figures
1 Deadweight Loss of Taxes Versus Permits o
2 Distribution of Marginal Costs and Benefitsr
3 Expected Marginal Costs and Benefits in !0__1'_0
4  Histogram of Uncontrolled 2010 Enussmns.fﬁe#lels
s i
6
7
8
9  Optimized Tax Level — Dynamxc,;_ \

10 Distribution of Emission Levels;Ut

List of Tables

RFF

dan! tqmapve Policies
11 Optimal Initial Pemut Dlstnbu jon in a Cothbi -

C.1 Distributionof 4. ... .........

C.2 Distribution of arginal Benefitsin2010 ... ...

C.3 Distribution of Discount Factors in 2010 . . . .,

1 Comparison of Assumptions Agross Models ,

pre .
2 “Cost-only” Comparison of Altergiatxvqﬁol:cxes
Margmal dlstnbutlons of uncertam-

B.1
B.2
B3

v

10
11
12
13
15
17
19
20
21
22
38

. 40

4]

24
35

. 36



09-02-1997 17:25 202 9393460 RFF P.CB

text, most of the debate concerning carbon taxes versug'perm

revenue concerns. This paper attempts to fill this gap by examm

permits and taxes in the climate change arena.

when coupled with g'model dEédiiction benefits,
.-y;:lg:'

In the case of dlimate changs mueh:z.qﬁsii,'ﬁ _
i s
level of future 57;: The mental Panel on Climate Change (1992) gives a range of

CO, emission levels in

say the 1990 emissi

een 8.8 and 15.1 GtC. The cost of attaining a particular target,

-study by Nordhaus (1993) reports that a $30/tC tax might reduce
'f 40%. While some models predict that a $300/tC would virtually

:I.'ls require $430/tc. This wide range of reduction estimates only

!Fellow, Quality of the Eavigonment Division, Resources for the Future,
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particular emission target.
With such motivation in mind, this paper adapts a

haus 1994b) for analyzing alternative policies un

are sped up using a technique developed in Piz

ginal cost and benefit cstimates de-
rived from the full dynamic model to examine optimal policy gle year (2010). This simple
static analysis provides the intuition for the full dynamic policy ané‘_lysis and closely replicates the
dynamic results in that .year. “

These results indicate that an o

rtantly, this gain is sensitive to correctly setting

Ifars losses. Meanwhile, the optimal tax
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2 Model Overview

2.1 Description

of predicted outcomes or the insight cond
The economic model is based on one-sector model of gl alieco 'mmc activity. Global capital
and labor are combined to produce a single output each year which;}s either consumed or invested

in additional capital. A representati ent ch ;1611 of consumption across time
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commonly referenced economy-climate models and is fi | | by a discussion of the major issues.

221 Trends

ASTS; REFERENCE NORDHAUS

¥/ON EMISSION TRENDS.

there areifwo that tend to drive the final results - in particular by

; ginal benefit schedule. The first is that climate damages are a gradual
phe ymena (represented by a iidratic function). The fact that damages from increased GHG
copkéntrations rise smoothly and gradually contributes to a relatively flat marginal benefit schedule

4 - .
(e.g., 1l damages from increased emissions). In contrast, a damage function that involved

critical phenorﬁéna =4 e breaching of a concentration threshold generating dramatically

higher damages — would lead to a much steeper or stepwise damage function (though uncertainty

.
(24
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in any period have a relatively small offect qn the total stog]

f:the total stock does not changc

much, the marginal benefit cannot change

As an example of this stock pollutaﬁt phenormigh a pollutant like carbon dioxide,

whose atmospheric stock decays naturally at a rate of less'thag per year. At an equilibrium,

it can be shown that the emissions in any year will equal to 1% qF the total stock.® If marginal
benefits decline linearly from some.dnitial.lev 0 zero over the entire balance of

the stock, the decline in marginal

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

turns out to provide

schedule.

223 Costs

Reductions in GHG emissio i mn baseline are assumed to reduce global GDP accord-

global GDP = b, (fractional reduction in GHGs)* %"

iy distinction. Any pollutant can be viewed as a stock poliutant when viewed on |
iventional pollutants, this might be a period of a day or a single hour,

a suitably smal) time-scale. s
; actly equal the annual decline of the stock - 1%,

3E.g., annual emissions w
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global GDP.*

More important than the particular numbers enter are the assumptions that

to reduce emissions — such as those reductions resulting from invesfment in innovative research or

in new capital — are made over horizans,of decades,rather,than

inually. In such cases, costs and

benefits should be viewed over equal

benefits are relatively constant,

fider uncertainty is complicated when policies are viewed as

er than qingle-pcriod, single-value choices. With that in mind,

iod policy analysis - reductions in GHG emissions in

late a market where eit itical considerations or market failure requires government interven-

ol

4See Nordhaus (1993) for further details.
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tion. A price (tax) or quantity (permit) instrument is at theig vémment's disposal and the question

posed by Weitzman is which leads to the best welfare olitcorn

as net social surplus.®

may be uncertain due to unknown benefits.

The interesting casc arises when:cosfs.areno

it
gomB" +C") tY)

SHere and throu; oat muméd that the quantity instrument is an efficient quantity instrument; e.g. a tradeable
permit system with negllg gction costs.

SThis result is derived for th  ¢ase of linear marginal costs and benefits, where uncertainty enters as small shifts to
each curve. The uncartainty abo\lt costs is assumed to be independent of the uncertainty about benefits.

3
-
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Figure 1: Deadweight Loss of Tax

Shallow Marginal Benefits Favor Taxes
8 - g Y T T

pormit deadweight losses

MC,

assumptions in the Weitzman analysis which are inappropriate

for examining climate change policy ixlns a sensable starting point. How do the marginal
mission r.edc!ii'lctions in the year 2010 compare in terms of relative

f order to answer"ttig juestion, the integrated assessment model of uncertainty outlined

i

housan randomized trials. Marginal benefits are computed by numerically

differentiating the d ledule of benefits. Second, the cost associated achieving different

levels of emissions in 2010 is computed based on the model’s cost function for the same set of

.
o
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Figure 2; Distribution of Marginal Co ¢

Marginal Costs Benefits
200 r - - - [ gp— ... _____
/ / 95% quantile
180} [ r
180} ! 3
&/ ’/
140} “1' '/
gm. & i
100 ’ !
fw RN ULL T
/, / ! j
®
/ / '3/' /
Py / / P median
7/ / /’ f/
20 ’ / / ,
; I R P B e bttt 1.!*_‘1.“_'“2 - ‘. -
18 10 3 [) %

) 12 18 9
2010 pcrmlt level (QtC, increasing reductions =) 2010 emission lovel (OtC. Increnlng reductions -h)

SMarginal costs are based on dollar value (52010) of lost globul GDP in order to reduce emissions at
ar helow the indicated level. In thoq.q ‘ : trolled emissionsiare below the indicated level, the
marginal cost is zero, Marginal béred) 0l $2010) of the net present value of
forgone damages at the given emission. |8y -hold constant all future emissions at
their baseline Jevel. Values are expressediin, 52010 and, '
will not be weighted equally when balancilj costs and)

earlier, the fact that damag.!ﬁ due to GHGs depend on their stock in the atmosphere rather than

10

.15
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s¢ ‘marginal costs and benefits yields the schedules shown in

by Weitzman, the optimal permit level is simply emission

{axcs OVer permits us = 7419:(~0.0012 + 5.4) ~ $25 billion. Discounting this to 1995

(the base year of the modéi) with a 6% discount rate generates an estimated gain of $10 billion

11
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Figure 4: Hlstogram of Uncontrolleq 20 .IO?messmns Levels
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SGHG emlmohjlm!ﬁdbl CO3 A CPCHI1990: emissions are based

on 7.4 GIC of COy andj1.1 GtC of CREs (p. 71, Nordhaus 1994b). The
1990 emissions also cormpond to diia from IPCC(1992). p. 12, using
a factor of 1300 to convertitons of €FCs into tons of carbon equivalent

global warming potential (0\&‘) (Luhof and Ahuja 1990). The optimal
2010 permit level s discussed §it

stribution of uncontrolled emissions in 2010. Roughly half

ontrolled emissions below the optimal permit level (versus

is] ge relative to reductions a large amount of reductions is costly, Therefore committing

ion target which is al_ ost surely below all forecasts (such as 1990 emissions levels)

wﬂl involve exi 'gh co"'ts in the event of hngh growth and high baseline emissions. These

high costs, based even-on, ghest estimated benefits, lead one to prefer a less stringent (higher)

target.

v
24

12
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it Instruments in 2010

Figure 5: Welfare Consequences of Pure Ta

Tax Instrument ‘Instrument
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While the previous analysis based on F gure 3 prov'b_ es important intuition and a rough approxima-

is below -$10 billion. This ssult is a consequence of reductions becoming extremely expensive

in the high-emission stateé:'f:of the world. Thus, an important conclusion from this graph is that

13
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the price of the permit) lies

st when marginal cost rises

pohcy whxch is later abandoned as too costly, The fact that

'dso provides an incentive mechanism for monitoring

agreement, would hiave the:ad tlonal incentive of fee revenue to enact such a policy in the future. -

7 As pointed out in other wor)g._: osing the revenue from such taxes could also have important welfare consequences

(Goulder, Parry, and Burtraw 1996).

14
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. . optimum when permits are not used
global optimum using taxes and permits §7 /ton C)
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net expected policy benefit
$1989 billions in 1995}
o

optimum when taxes are not used
(13 G0y

The optimal permitieyel whe; s are not used (13 GtC) docs not become apparant
until the tax rate 18 set roughlytwicea¥high as shown in the figure (around $50/ton carbon),
itan.is still used in $brhe states of nature, From the figure, it is evident that
_ il loyel as a functibh of the tax is increasing, At §25/ton carbon, however,
ptimal perniftiégabis only 11 GtC. The net expected benefit when the tax is no longer
used and the pemﬁf’iymﬁfh 13 GIC 15 $0.3 billion, roughly one-tenth of the benefit from a
straight tax or combinatigin;tax/permit policy.

15

P.0S
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year. The problem of climate change, however, is spread out over'degades if not centuries. Policies
to combat climate change are therefore likely to bc in placc for mahy years. It is not immediately
obvious whether the results comp

plicable to a multiperiod policy.

In this section, optimal paths for taxes, pg. piits and combined permit-fee mechanisms are ex-

4.1 Baseline Em_llss.lons

_ ic pohcxe's', it is useful to report on the model’s ability to replicate
the results of othcr modé ﬁndgr )

Before expl ori

i gss—_ﬁs-usual assumptions. In particular, the IPCC (1992)

gives six forecasts-.-of future emissioft _m”,_.ﬂrios for the major greenhouse gases based on a range

obal popuhmon and productivity growth. Figure 7 shows the IPCC

forecqﬂt;agmnst the range P liced by the mode! presented in this paper for the most important

ouse ges, carbon dloxnde
? casts tend to ,f | between the 25th and 75th percentile in 2025 and between the
Sth and 75th'in.

‘They advocated 1990 emlmbu evels as the permit volume coupled with a $10/ton C tax. 1990 global controllable
GHG emissions were 8.5 GtC

The median of the IPCC forecasts remains quite close to the 50th

16
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Figure 7; Simulated CO; Emission Distj] dbnys IPCC Scenarios
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*Lines indichtithe dliciButlon fisihs generated by
the model. These réfist contraliak [t GHG emissions,

scaled by the fractionidue to COz (il B86.6%; sbe p. 71, Nordnaus
1094b). Circles (o) indiéity 1992 IPCE CO; emisslon scenarios (p. 12,

IPCC 1992; pp. 101-112i

at'al, 1992); letters in right margin
refer to individual scenarios e A

percentile of the simulated emission levels. Thiis--s* ts that, relative to the IPCC forecasts, the

model in this paper predis kimilar central tendenq:)_'r’ but with a larger spread. In particular, this

paper suggests that.future uncog plled emission uld be much higher than all six of the IPCC

g

forecasts. Is this

asonable?

First, it is import ; cq‘ég ze that the IPCC scenarios do not have a probabilistic inter-

pretation. They are subjectivaly:devel discenarios combining a large number of alternative

assumptions in.s ‘particulac combinatians. Their high emission scenarios, for example, alterna-

o

rowth with lower per capita productivity growth, and vice versa.
fatecasts themselves have no probabilistic interpretation.”

ell-grounded in probability often underestimatc the probability

‘.ﬁi"&her dotails, Note that early Census population forecasts using similar non-
sly misforecast population. For example, the forecast range given in 1966 (#381,
tual population reported in 1989 (#1045, U.S. Department of Commerce, Bureau

9Ses Pepper 6t
probabilistic techniquei fiei
Tuble 1) lies completely abov
of the Census).

17
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physical constants to the forecast of future energy demand:(Shlyakhter and Kammen 1992). Such

results suggest that forecasts with “thicker tails” are pre realistic description of

likely outcomes.

r'one hundred years - m#kes any forecast

- Finally, the time horizon under consideration.
based on historical data somewhat dubjous. It1s impligitly essumed that hxstoncal trends will
continue with no structural change, When in,the history of th_ world have such periods of stability

existed? For all these reasons, the wider rapgeiof. ncontrpllcd emission forecasts produced in this

paper is likely a more accurate descriptio’ﬁ of ¢ gomes than the range of IPCC scenarios,

42 Optimal Permit Policy

inte:rpolations.10 except the stringency in

fixed through the end of the simulation (2245).

olated to ten-yﬁi‘ lmervuls using a cubic splme. annual policies are linearly interpolated from
hined pbpmt -fes system is always interpolated lincarly due to sampling error.
il :Wer eight scts of 1,000 states of nature, taking on everage 30 minutes to converge.

11The stringency
and the standard deviatlon among the cight estimates was used to compute a

These eight sets wore the

standard error for the average |
13An important assumption iri the underlying DICE model is that damages are continuous and have been occuring

18
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An important observation is that the pit osalr reduce emissions to their 1990 levels (roughly
8.5 GtC) is far below the optimal permit level 1 these simulations, Further, the optimal permit

level rises in the future to accornodate growth v _latlon and per capita productivity. While

re the posmbility that a carbon-free technology becomes

t century, it conversely accomodates the

nplemented it improves welfare on average by $69 billion ($1989).1°

that emnssions in every state of nature be at or below the specified
4 the marginal cost of emission reductions. Consumers and pro-
gas emissions will reduce emissions until the cost of reducing

uals the co Liof paying the tax instead, If costs are particularly low, emissions

since the beginnin duitri muon Thus we are already experiencing the consequences of global warming and
current emission reductlo ¥ ominately concerned with reducing damages for roughly the next 30 years,
13This s the net present valu af benefits minus costs and has an associated sampling error of $16 billion. This can

be compared to annual global outputin 1995 which wes $24 trillion.

19
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w0 (dashed lines indicate 95% coifidence-inte ).
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may be completely eliminated and the mérginal cost of the laét ton of reductions will lie below the

specified tax rate.

, the tax computed 1n the static analysis. Unlike the optimal

4h order to accomodate growth, the optimal tax

ney while the permit system must be relaxed.

een taiiland permit policies is that taxes do not provide a strict
. hould not be viewed strictly as a weakness: relaxing the level
gsions when costs turn ou} ':,t:p be particularly high is desirable if the benefits of reduction are

Js the distribution of resulting emissions with and without the tax

20
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Figure 1}:9: Distribution of Emission Levelg:] ;_qgg{:;_ﬁltemative Poliéies
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provement amounts to $338 billion -~ co'tﬁi:{p,red tq."$69 for the %ermit instrument (the standard error

in this case is $21 billion). This represents | provement five times higher than that obtained

with the permit system — a smaller ratio than the Fagtor of eight determined in the static analysis.

ghtly better when cwed over a longer horizon? As pointed out

dudntity instruments (e.g., permits). In the case of a
periods

i
t cheaper to obtain, This assumes that baseline emissions
haseline emissions in other periods — a likely consequence when

odeled as “low growth” versus “high growth” scenarios.

21



©9-02-1897 17:49 202 9393469

RFF

tC)
= B

~
S
&

initial permit distribution (G
\
\
K
i
£
1

~
H
3

<

To explore th:s possnblllty. [ _"ént sale price was set to the optimized tax level and

jzed over alte ative levels for the initial permit distribution. 4 The

error,ain the estimation of the op mal permit level. This occurs because the marginal effect of the

g,hé pollcy parameters turned out to be troublesome dus to the sample size. By using

the optimized tax policy, the ned policy is guaranteed to both raise welfare and involve lower costs.

22
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the sample and resuits in a large estimation error.'® Ints stingly, the optimal initial permit level
remains close to the 1990 emission level (8.5 GtC) for, the nire forecast period. Setting the
intitial distribution to 8.5 GiC, In fact, has a negligib e in the static
case). The gain in welfare is $339 billion for the aptnnu"" d permit-fee policy angt:$340 billion for

a policy with an initial permit distribution of 8.3:0tC in every perlod both with a standm'd error of
$20 billion. :

4,5 Costs Only Comparison

The purpose of this paper has been to compare alternative clitniats e policy instruments under

a metric of welfare maximization. The main conclusion of this stidy ls that the current view of

climate damages leads to a relativaly: fit,curvei In the presence of uncertainty,

this generates a preference for tax ra ! ents - or even better, a combined
permit-fee system.

However, in order to perform this analysxs. has been necessary to lean on rather speculative

assessments of climate damages Even while allowing it considerable uncertainty, the underlying

structure of damages. 'mc function depen(ling on temperature change — has not been

f tend to ¢ w,ome doubt on the welfare calculations presented

nts a "cost-only" comparison of the policies derived in the pre-
5f the model (specifically, the damages duc t0 global
the cost oY_ e different reduction strategies is computed. As high-
, is important to keep in mind that the alternative policies have
well. The interpretation of this measure is that it reflects the

2d,cost of each policy in theéevent that there are, in fact, no consequences to global warming.

18This sampling error could bereduced w
ith additional simulations. This increased
in Figure 6 &s a relatively flat rldne for a wide range of permit levels near the optimal \::xcenmnty can slsobe observed

23
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Table 2: “Cost-only” Comparison
(measured in $1989 billions; standatd
optimal® ]
permit system _tax:ty
benefit-cost’ 69
(16)
cost-only® -151
(5.9)

olicies are optimal in thetit 3
Large standard crrors arise due {0 the variability of!
ation is much smaller in the colt.orily. mepsures;vAdditional simulations can
be used to reduce the samplinfyefrar; furthe

bBencfit-cost measures the change Tnx
when damages due to global warming are incldided in: slaion.
sCost-only measures the change in expected netipresént va
when damages aro ignored (both in the bascline welfars Sy
for the given policies).

tax policy, which has much higheF 6L

inevitably in the other 75% of the 8

4 of nature, relative to the permit policy, where the tax policy

ystem is only marginally better in benefit-cost

terms than the pure tax policy, but cuts the grogs cost difference in half. This cost savings arises

because in those states of nature where permit levi

less aggressive reductiol tf_!_ertaken. The fact th'a't the net benefits remain virtually unchanged

policy is cagut fig in states where marginal benefits are roughly

ent, of course, is in refétence to the cost difference among efficiently implemented policies in a first-
lated to cost-effegijﬁeness and second-best distortions arc not considered.
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5 Conclusion

Discussions of alternative tax and permit mechamsms‘for combati change have generally

uctions are highly

ignored the fact that the costs and benefits of fut nty. Such un-

certainty can lead to large efficiency dnfferences,,’ﬁe ween the two policies (Wentzrmm 1974). This

paper has explored this question in the contcxtlﬁf an mtcgra ¢d,climate-economy model capable of

.l.‘.l
Ty

simulating thousands of uncertain states of fature.

The resulting welfare analysis mdncat,gx tha| rform much more efficiently than permits

rcent loss of GDP. It also arises
naturally because greenhouse gases afe-."‘tqpk poll thnts so reductions in any period inevitably have
little effect on the level of marginal benefits;

An important observation in the static analys{ was t!)e risk involved in setting the permit level

lower welfare gains, but setting the permit

level incorrectly can:lead to

sive losses. The tax instrument, in contrast, leads to welfare gains
over a much widegrange of valugs
In addition upur ms, a combined permit-fee system was considered. Such

a system involves an ation of penmts followed by the subscqucnt sale of additional

mslgniﬂcantly'
thus combines the benefity tf:a tax system, namely efficiency, with the benefits of a permit system,

¢.g., flexible distribution of rents.
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A Model Specification

A.l Economic Behavior

Economic behavior within each state is derived fro
sumption must be optimally allocated across tin

productivity growth, agent preferences defin {a steady state:{& which the economy converges over

time. In the presence of random shocks ai [ ing trends, the economy instead con-
verges to a distribution of states (due toithe rando ) which is itself slowly evolving (due
to the slowly changing trends). For the moment we igno glng trends and focus on a

standard stochastic growth model.

kN
I

del exhibits constant relative risk aversion T with respect

this mo

The representative consumer in

scounted at rate p and weighted

(ATN) K (A2)

Kt+l = Kt(l - Jh) +Y.—-C (A3)

regate output, ;'Q, N, is effective labor input and K, is the capital stock. A} is a
measure of produ Huptt from capital but not completely exogenous, as discussed later.

The parameter 6 summarizss the Cobb-Douglas production technology given in Equation (A.2)
e
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e

> (1 - 1) x (asgmptotioigrowth rate of A7)

lem given by Equations (A.1-A.3) is diffi¢

choosing

well as long as expécted pre q4|,lctw1ty growth changes gradually.

17Long and Plosser (1983) A e an analytic solution for the case of dy = 1 and lim 7 —+ 1 (log utility).
185¢e Appendix A of Pizer (1 )97) for a simple derivation of expressions for oy and ag.

5 27
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A.2 Long-term Growth, Climate Behavior and D

umptxon and investment —

after output has been

nd, Ay is expressed as A, multiplied by a

o
) A (A.8)
t

damages

j¢ is the fractional redu Quse:gas emissions at time ¢ (the “control rate”) versus a

business as usyal/

detaxls about th St ax”fd damage functions can be found in Nordhaus (1993) and Nordhaus

(1994a), respectively.

19Qver larger ranges, the damiage function becomes S-shaped.
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Population is modeled in the same way as exogeno ctivity but without the stochastic

element:

aggregate output Y;) and warming (measured as th

is linking output to emissions:

of the rctc,qtlon rate of emissions, Low values of 3 indicate that emissions do

OFor example, 't "j“:ten used in the simulations (with 8,7, € (0.26%, 2.8%)) leads to a halving of
the growth rates every 20 208

8.
%Gee discussion of controlldhife versus uncontrollable greenhouse gases in Nordheus (1994b), page 74. For the

moat part, controllable greenhou.i; gases are CO; and CFCs and uncontrollable greenhouse gases are everything else.

- 29
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gases remains in the atmosphere. The parameter 6y,

sumed that greenhouse gases in the atmosphere aboye

assumed to be an infinite sink.
Above average concentrations of greenhon.i gasesint $phere lead to increased radiative
forcings, a measure of the rate of transfe : olar energy produced by the sun and thermal

energy stored in the atmosphere, This is‘modeled a&

F, = 4.1 x log(M;/590)/ log( (A13)

where F; measures radiative forcmgs in units of watts per meter sguared The specification is such

that a doubling of greenhouse gas hly four fold increase in forcings

ift <150

(A.14)
otherwise
Increased forci
4\Tg_1 - (RQ/TH)(Tt—l - Tt'-l)] . (AIS)
(1/Ba)(Ba/m1a)(Teer = Tiy) (A.16)

is a measure of the temperatiire sensitivity of the atmosphere.??
ity

23, by itself is referred to as the climate fecdback parameter.

5 . 30
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given in (A.1) but is unsure of the parameters. Since a policy chgnge which raises the expected

ility;£0r another set, the social planner

33p.g., providing a negative losk function across states of nature for the soclal planner.

"* 31
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Regardless, thesc authors ubiquitously observe that u

consequences for optimal policy choice. M Moreso,

preferences in the most reasonable way.

In this analysis social welfare is specified &5 an average of utility measured in each state of

nature by Equation (A.1), rescaled. The rescaling serves ‘edifate the marginal social welfare

of one additional dollar of current cons ates of nature. While arbitrary, some

adjustment is necessary to prevent the i'esultlng scription from being sensitive to the

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

!
=1 ju(ai)

SW (z) is the social welfare associ-

SW(z) (A7)

ated with z. The rescaling is such that

u(+81 in initial period, i) — u(0, i) = u(81 in initial period, j) = u(®5)  Vi,j

M.

a more ﬂemble form requires both integrating out uncertainty from the rep-

245ep dincussion in Arrow, ci;ne, Maler, Munasinghe, and Stiglitz (1996).
38 An expianation of this pointis given in Appendix C of Pizer (1997).
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P.11

the level of comparibility (to satisfy Robert's point)?®

B Measuring Uncertainty

Estimates of uncertainty in the model come fro ”Wo gources: econometric analysis and subjective

assessment. The model involves nineteen dnﬂ’erent par s, Six are parameters describing

observable economic activity:

e pure time preference p,

e risk aversion T,

e output-capital elasticity 8,
o productivity growth v,

e variation in productivity growth o3, and
e depreciation 4.

A joint distribution for these para I ;al data. The remaining thirteen
describe emissions: |

¢ emissions rate growth 7o,
climate change:

o CO; retention rate,

e temperature sens! y
¢ CO; decay rate Byny
¢ thermal capmtxes and conductivitie

'} productmty slowdown
""-"populatlon slowdown &p.

8 Agditional levels of:i ﬂhy are especially difficult with the the constant cocficient of relative aversion
(CRRA) form in Equation (A1} Where the parameter 7 2 1. Under these assumptions, utility is alternatively bounded
from above or below. 3

37See Chapter II of Pizer (1996)
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Series describing aggregate investment, capital service putput and prices are fit to the model

éés the optimality result, with positive correlation among

d negative correlation favoring taxes. Other factors such as

ot expected marginal benefits and expected marginal costs allows

derlve the optlmal quantity control, This works because these marginal measures
ﬁre with respéot:
38Chapters 6 and 7.

tit measure and cxpectations are taken holdmg the quantity fixed.
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Table B.1: Marginal distributions of hccrtam economic parameters
simulations without uncertainty)

distribution

description

pure rate of time preference

oM 001 0@ 003 . 0N 00 008 007 008

00 19 0 A0
2 0% 038 040 045

.40 0.042 0.04 Q048 201 0.060
02 .01 0.00 R 00 04

0.00

coefficient of risk aversion

output-capital elasticity 6
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Table B.2: Discrete distributions of ungéftain climateft
(narrow bars indicate values used in sifnulations without u

description symbol  equatio:

annual decline of 5
population growth rate "

annual decline of '
productivity growth rate % (A 7)(A.11)

initial growth rate of CO; R
per unit output (A10)(
damage parameter (%

loss of GDP for 3°
temperature rise)

004 006 o008 O a2 O

|‘

058 080 085 00 O 0N

L1/A  (A13)(A15) I I I | |

£ e iE 1
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Tuable B.3: Description of fixed parameters®
symbol equation units value

(A.8) 2.887

(A.12) 0.00833

(A.15) °C-meter’ fwatt-year  0.048
(A.15),(A.16) watt*C-meter? 0.44

°C-meter’ [watt-year  5=r-
millions of people 5590

initial rate of CO; emissions
per umit of output

1995 global capital stock
1995 global ocutput

1995 atmospheric
concentrations of CO;

1995 surface temperaturc? T,  (AS)(AISHALE)
1995 decp ocean temperature® Ty (A.15),(A.16)

¢ All fixed parameters are from Nordhaos (1994b). The parameters that do not depend oo time are from Nordhaus®
Tuble 2.4. Initial values for temperature, OO, conceatrations, and output in 1995, as well as the initial annnal growlis
rate for population, are based on the Nordhaus base casc simulation. The 1995 capital stock is adjusted npward to reflect
differences in the definition of capital as well as underlying parameter valaes. ‘The decay rate of atmospheric CO, is
divided by ten to canvert from a decennial 10 anoual rate. The annual thermal capacity of the ocean and atmosphere are
from the second line of Nordhaus® Table 3.4b.

¥Temperatures arc measured as deviations from the pre-industrialization level, circa 1900.
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1000 T —
soo} ]

8001 1

7001
eoor
500p —
400F
300

200
100}
t

0 26 0.3
GiC/$ at rax = SS)

0.0
change in emission level per dollar of tax

In contrast, the optimal price controlimyst be dqﬂved by taking the expectation of Abeneﬁt/ Atax

condition for the opthﬁal tax reﬂﬁctcs to the interse 'on of the expccted marginal cost and benefit

‘|l$|
"

curves:

Acost
Atax

Acost Aquantity]
Aquantity Atax

Acost 1
[Aquantity MC slope] (C.18)
bad _ Acost
] MC slope [Aquantity] MC slope
I Abenefit ] _ Acost
Aquantity| [m]
E[MB] = E[MC]

This condition,."thaf -ﬁiﬁ fope of the marginal cost curve is constant, will be violated if the

L.t

cost curve is non-linear of there are non-additive shocks. Under these conditions, the slope of
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single tax level of $51C.%°

Given these violations, it will not be possi

C.2 Correlation of Cost/Benefit Shocks

C.3 'Truncation

- 39
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emissions are below the indicated
shown in Figure 4, uncomrolled emissiong:
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Vs ~ 7 "95% quantls
”
’ )
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! /
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[ o Alkgandle,

40

0
18

16 14 12 10 8 8
2010 permit lovel (GtC, increasing reductions =)

bes tb 2010) value associated with emission reductions in the
\&if'uncontrolled levels. Values are expressed in $2010 and,
4 not be weighted equally when balancing costs and benefits.
o 6 i gmnl bcneﬁts obtained by varying the level of 2010 emissions as shown,
;r_"Qllod emissions. The right panel indicates the range of marginal benefits when
) emissions at or below the permit level, That is, in cases where uncontrolled
:no matginal benefit since cmissions are nat, in fact, belng reduced. As
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Figure C.3: Distribution of Discqu

‘actors in 2010
1200 v _
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800

6001

400}
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[
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actor

0.4
2010 discount

C.4 Discounting
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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 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 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 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 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 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.
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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 incbrrect
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

2An 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 technolggy
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 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 CO; 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
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casual observation which instrument will be more efficient and whether the difference will be
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-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 contrast, this paper models the tré‘lr'ld
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 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 change, and even-
tual slowdowns in productivity and population growth) is based on discreté 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.

3For 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.

a



v

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
producfivity 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 7 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

> _ Cy/N)'""
r%ax E Z(1+p) tNt(t/—t)

t
t€{0,1,...} t=0

(1)
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where C; is consumption in period ¢ and N, is population. This consumption program

{Co,C1, ...} is subject to the resource constraints
Y; = (AIN,)' - K? (2)
and
Ky =Ki(1-6)+Y,-C, (3)

where Y, is aggregate output, A} is net labor productivity and Kj is the capital stock. The
parameter § summarizes the Cobb-Douglas production technology given in Equation (2) and
dx 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 —7) x (asymptotic growth rate of A7) (4)

=~
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This is always satisfied by assuming zero growth asymptotically.
Even with exogenous constant growth models for N, and A;, the dynamic optimization

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

choosing

Aln(Ke41/Newr) = er + a(In(K/N;) — In(A})) (5)

and

Ci=K(l-6&)+Y. - K, (6)

- where a; and a; are functions of the parameters (p, 7,0, 6x) - 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 a; and o, 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, A7, 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
f—’\q

. 1 — bypl )-‘_5 '
= o)) - )

damages

M is the fractional reduction in CO, emissions at time t (the “control rate”) versus a business
as usual/no government policy baseline, while b; and b, parameterize the cost of attaining

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

5'Long and Plosser (1983) derive an analytic solution for the case of 6x = 1 and lim7 — 1 (log utility).



Dy is the fractional loss in aggregate GDP from a 3° temperature increase. The form of tile
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 A, is modeled as a random walk in logarithms with an

exponentially decaying drift. That is,

log(A:) = log(Ai-1) + 7 exp(—6at) + 0.¢; (8)

where 7, is the initial growth rate, §, is the annual decline in the growth rate, o, is the
standard deviation of the random growth shocks and ¢, is a standard NIID random shock.

Population is modeled similarly but without the stochastic element:
log(N:) = log(Ni-1) + yn exp(—d,t) (9)

where 7, is the initial growth rate and §, 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 Y;) and warming (measured as the average surface temperature

T;). The first step is linking output to emissions:

B, = oi(1 = m)Y, (iﬁ)l-a (10)

where E; is emission of CO; , o; is an exogenous trend in emissions/output, and u, is the
1-6
rate of emissions reductions induced by the policymaker. The expression Y (%ﬁ-) reflects
t

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

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

log(a1) = log(0:-1) + 7o exp(—dat) (11)

SFor example, the range of parameters used in the simulations (with é,/n € (0.25%,2.5%)) leads to a
halving of the growth rates every 20 to 200 years.



where v, is the initial growth rate of emissions/output (a negative number) and 4, 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 (4,).

Emissions of CO; accumulate in the atmosphere according to:
Mg - 590 - ﬂEt_l + (1 - 6m)(Mg_1 - 590) (12)

where M, is the atmospheric concentration of CO, in billions of tons of carbon equivalent.
B is a measure of the retention rate of emissions. Low values of B indicate that emissions do
not, in fact, accumulate while a value of unity would mean that every ton of emitted CO,
becomes a ton of atmospheric CO,. The parameter §,, plays the role of a depreciation rate:
it is assumed that CO; in the atmosphere above the pre-industrialization level of 590 billion

tons slowly decays. This decay reflects absorption of CO, into the oceans which are assumed

to be an infinite sink.
Above average concentrations of CO; 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
Fy = 4.1 x log(M./590)/ log(2) + O, (13)

where_ Ft measures radiative forcings in units of watts per meter squared. The specification is
such that a doubling of CO; concentrations leads to a roughly four fold increase in forcings.
O: in this relation represents radiative forcings due to other greenhouse gases and is assumed

exogenous to the model:

0.2604 + 0.0125¢ — 0.000034¢2 if t < 150
1.42 otherwise

Increased forcings lead to temperature changes according to

T,=Ti1+ (1/R) [Ft — ATy — (R2/712)(Tiey — Tt.—l)] (15)

L))

T; =T, + (1/Ra)(Re/m2)(Te-y — Tp)) (16)
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Figure 1: State-contigent model
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compute new temperatures, T,,, /T,,,. (13-16)

"o trend model e
compute new exogenous productivity A,,,, (8) G
compute new population, N,,,, (9)

compute new emissions/output, G,,,. (11)

where T; is the surface temperature and 7T} is the deep ocean temperature, both expressed
in changes relative to pre-industrialization levels in degrees Celsius. Note that if M, = 590
and O, = 0 (e.g., pre-industrialization), T; and Ty will equilibriate to zero. The para.rneter.
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 CO, in the
atmosphere will lead to a 4.1/ rise in surface temperature in the long run. This parameter
4.1/X is a measure of the temperature sensitivity of the atmosphere.’

The parameters R;, R, and 77 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 {y}) is translated into a state-
contingent utility measure (as measured in Equation (1)).

At any point in time, the vector { K, As, Ny, 04, My, Tt, T;'} completely describes the state

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

73 by itself is referred to as the climate feedback parameter.

10
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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 y, 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 fs 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 parameters
describing observable economic activity:

pure time preference p,

risk aversion T,

output-capital elasticity 4,

productivity growth ~,,

variation in productivity growth o2, and
depreciation dy.

A joint distribution for these parameters is estimated with historical data. The remaining
thirteen describe emissions:

¢ emissions rate growth «,,
climate change:

o CO; retention rate 3,

¢ temperature sensitivity 4.1 / A,

o CO; decay rate §,,,

e thermal capacities and conductivities R,, R; and Ti2,

control costs and damages:

e cost function parameters b, and b,,

11
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e fractional loss of GDP for 3° temperature rise Dy,

and long-term growth trends

e population growth v,,
e productivity slowdown 4.,
¢ population slowdown §,.

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 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 as 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
1t 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

8Chapters 6 and 7.
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Table 1: Marginal distributions of uncertain economic parameters
(narrow bars indicate values used in simulations without uncertainty)

e

description symbol equation distribution

pure rate of time

1
preference p (1)
000 001 00 003 004 005 006 007 008
coefficient of risk aversion T (1) '
00 10 20 30 40
output-capital elasticity 6 (2)
_ 025 030 035 040 045 050
rate of capital
ap Ok 3)
depreciation
0040 0042 004 006 08 0050
initial productivity (8)
growth rate Ta
0 0 000 o 0m 04
standard error of o (8)
productivity shocks ¢
000 001 0 0.4 005 006

"
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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
: on (9)
population growth rate
000 001 002 003
annual decline of
productivity growth rate b (8),(11) I | I |
000 o o
initial growth rate of
CO; per unit output T (10),(11) ‘ | | I
000 001 Y o
damage parameter
(% loss of GDP for 3° Dy (7)
temperature rise) )
000 001 062 003
cost function parameter b (7) || ‘ ‘
000 0 o.;u o.'os 008 0.'10 012 oM
retention rate for CO
. 2 B (12) L I
emissions
05 050 055 080 08 oM 0% om0
temperature sensitivity
. . 4.1/ 13),(1
to CO2 doubling (in °C) / (13),(15)

o

A=
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Table 3: Description of fixed parameters®

parameter symbol  equation units value
cost function parameter b, (7) 2.887
decay rate of atmospheric CO; Om (12) 0.00833
1/thermal capacity of atmosphere  1/R; (15) °C-meter?/watt-year  0.048
thermal conductivity b/w Ra/712 (15),(16) watt/°C-meter? 0.44
atmosphere and oceans '
1/thermal capacity of deep oceans 1/R; (16) °C-meter?/watt-year %)42
1995 global population No (9) millions of people 5590
initial population growth Yn 9) 0.0124
initial rate of CO, emissions oo (11) bill?lngggr;iiﬁégzsper 0.385
per unit of output
1995 global capital stock Ko (2),(3) $1989 trillions 79.5
1995 global output Yo (2),(3),(10) $1989 trillions 24.0
1995 atmospheric M, (12) gfilgo::u?‘r,;ﬁi 763.6
concentrations of CO,
1995 surface temperature® To (7),(15),(16) °Celsius 0.763
1995 deep ocean temperature® Ty (15),(16) °Celsius 0.117

aAll fixed parameters are from Nordhaus (1994b). The parameters that do not depend on time are from
Nordhaus’ Table 2.4. Initial values for temperature, CO; 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 CO 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.

bTemperatures are measured as deviations from the pre-industrialization level, circa 1900.
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parameters of the social welfare function. Instead, we must rely on social choice theory a'lrrld
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

SW(z) =17 u(z,i) (17)

where u(z, 1) is rescaled utility in state i with outcome z and SW(z) is the social welfare

associated with z. The rescaling is such that
u(+81 p.c. in initial period, i) — u(0,1) = u(+8$1 p.c. in initial period, j) — w(9,5)  Vi,;
That is, a policy corresponding to an extra dollar of per capita in the initial period is assumed

16
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to have the same utility in every state relative to a no policy (@) 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 Rdberts (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 consequence

for immediate decisions.

1
L
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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 a2 model with only pure time preference p and risk aversion
T uncertain, as illustrated in Figure 3. In contrast, a reoptimized policy based on modeling
only the climate parameters (v,, Do, b1, 3, and 4.1/)) 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 ¢ is P/i - 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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Fi§°ure 3: Decomposition of policy consequences
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Why does uncertainty about the interest rate rise in the future? The historic interest rate
is an observed quantity and therefore easily predicted over short horizons. More generally,
it depends in a simple way on future growth, risk aversion and time preference via the Euler
equation: ¢ = p+ 7-g,,. Here i is the interest rate, p the pure rate of time preference, T the
coefficient of relative risk aversion and g, the rate of future productivity growth at time t.
Future uncertainty arises because we assume productivity growth g, . eventually declines to
zero (according to Equation (8)) leaving only pure time preference p to motivate non-zero
interest rates. While historical data tells us that with growth of 1.3%, interest rates will be
5%, we have much less information about how to dissect the observed 5% into its component-
pieces p and 7 - 1.3%. Therefore, we know less about what the interest rate will be once

growth declines.

3.2 Welfare

In spite of the differences depicted in Figure 2, the welfare consequences of the two policies
remain unclear. Suppose we analyze both policies using the model in Section 2, reflecting the

uncertainty summarized in Tables 1 and 2. Does the policy which ignores uncertainty leave

e
-
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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 based 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 (b; |), high damages (Do 1), high temperature sensitivity (4.1/X 1), low
pure rates of time preference (p |), rapid productivity slowdown (4, 1), but high population
growth (4, l). 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

SIt 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 10~5 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 +8$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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over a tax policy and then compare the resulting welfare gains.
Weitzman (1974) first demonstrated the dichotomy between price and quantity controls
with uncertain costs in a simple partial equilibrium model. This model incorporates dynamic

general equilibrium, leading to a more complex expression for the marginal cost of reduced

emissions in period t:

_ bl ¢ b2 ba~1
MC: = o+ (1+ Do/9- th)#t (18)

where b; and b, are cost function parameters, Do is the damage from a 3° temperature rise,
T, is the temperature rise since industrialization, . is the control rate, and o, is the rate
of emissions per unit of output. Since by, oy, Do, and T vary among states of nature, the
marginal cost will as well. Optimizing agents who set marginal cost equal to an imposed
tax rate in each period will choose different control rates depending on the parameter values
in their particular state of nature. Since a rate control would fix the emission reduction

rate across all states, there is no rate control which can reproduce the consequences of a tax

instrument in all states.

4.1 Taxes versus rate controls

In order to implement a tax instrument in the model, the control rate in each state of nature
and time period is replaced with an expression for y, derived from (18).1° MC in this
expression is replaced with the chosen tax rate. The optimal tax path is then determined
by maximizing the social welfare expression in (17).

The tax instrument does in fact lead to a higher welfare gain compared to the rate
instrument. When converted to a certainty equivalent change in first period consumption,
the gain is $86 per person for the tax. This is a 20% improvement over the rate instrument,
which yields only $73. Note that compared to the rate instrument computed in the absense

of uncertainty, this represents a 50% overall gain. That is, a policymaker who ignores

19Derived rates higher than 100% are set to 100%, indicating that the tax induces complete elimination
of emissions

"~
-
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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 (6, 1), 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 é,, by the definition of the emissions rate (11), also leads to higher values of o, and low
marginal control costs by (18) (recall that growth in o, 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 4: Intuition for taxes being preferred to rate instruments
(dashed lines indicate particular realizations of uncertain costs and benefits)

7 EMC] E[MC]

8 8

S a

: :

3 3

< <

7 a

JPtaat E[MB]
control rate control rate

Original Weitzman (1974) result that relatively Correlation of upward shifts in benefits with down-
flatter (higher elasticity) marginal benefits favor ward shifts in costs favors taxes. Note that both
taxes. Note that all three intersections correspond intersections lead to similar shadow prices. As in
to similar shadow prices but different control rates. the left panel, the deadweight loss is lower with
Hence the deadweight loss will be lower with a the shadow price fixed (via a tax) rather than the
fixed shadow price rather than a fixed control rate. control rate fixed.

rights will have different values in different states. Using the results of many simulations,
1t is possible to plot the distribution of resulting values and obtain a visual sense of the
difference between instruments.

Figure 5 shows the median, 50% and 95% forecast intervals for the value of emission rights
under the optimal rate control, along with the fixed values under the optimal tax policy (the
optimal tax policy which ignores uncertainty is presented for comparison). While the median
case under the 6ptimal rate control closely tracks the optimal tax policy, the 95% forecast
interval includes widely divergent values. For example, the median value of a right to emit
one ton of carbon dioxide rises to around $20 after 50 years. It is entirely possible, however,
that under an optimal rate control the value will be over $100. With these magnitudes of
difference betwéen the two instruments in terms of marginal costs, the distinction in welfare

consequences discussed in the previous section is no longer surprising.
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Figure 5: Value of emission rights under alternative policies
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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 preferenées a.s 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 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

-

24



also takes advantage of econometrically quantified uncertainty. Lastly, the model explicitly
addresses the issue of aggregation over uncertain preferences.

The most important consequence of this paper may be to encourage a reassessment of
the current agenda for climate change research. Considerable effort has been directed to-
wards the importance of learning; perhaps more effort should be directed at the consequences
of uncertainty itself - without learning. A great deal of attention has focused on climate
uncertainty; this paper suggests that considerable uncertainty surrounds the economy. In
particular, the course of productivity growth has an important bearing on both future emis-
sions and the valuation of future benefits via the interest rate. Finally, much of the policy
discussion seem.s to have shifted towards quantity controls as the preferred instrument; this

paper suggests that efficiency arguments may point the other way, towards taxes.

Appendix

A Notes on Solution Algorithm

This section explains the solution to the consumer optimization problem (1) given by Equa-
tion (5). In words, (5) is a log-linear approximation of the optimal decision rule based on
the deterministic steady-state level of capital per efficiency unit of labor, e.g., K, [(A; NY).
This approach turns out to work rather well for three reasons: First, the economy starts off
relatively close to the steady state defined by the initial growth rates. Second, the decline
in deterministic growth rates, described in Equations (8-9), has little effect on the approx-
imation parameters. Third, the shocks away from the steady state - from both exogenous
stochastic productivity shocks as well as endogenous climate change effects - are relatively
small. While there are many ways of deriving expressions for a; and a; in terms of the
underlying parameters, the simplest is based on a logarithmic approximation to the saddle

Path around the steady state in C,/ (A;N,) and K./(A;N,) space.

- We begin with the Euler equation arising in a balanced growth equilibrium (where Yo =

-~
e
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log(A;) — log(A;_,) and v, = log(N,) — log(N;-,) are constant V ¢):!!

Ci+1/N T . .
Gt} (14 o) (OB /A N +1 - 5) (A1)
C:/N,
At the balanced growth equilibrium %Z_:ﬂ = exp(7a) so (A.1) can be solved for steady

1
state capital stock per efficiency unit of labor, K41 /(A7 Neya) = At = ((1+P) CXP(-r;f)-(l—ék)) =T

The capital accumulation equation (3),
Kiy1 = Ki(1 = &) + (A"N)'PK? — C, (A.2)
then yields steady state consumption per efficiency unit of labor C,/(A;N,) = Ct = K1 +
(1= & — exp(ta + 1) K.
The approximation (5) is made by taking total derivatives of both (A.1-A.2) with respect

to log(K’tH), log(fx",), log(Ci41) and log(é,) around the steady-state values Ky = Kypq = K

and C; = Ci1 = C. This leads to the expressions
T(dery1 — dey) = Kex dkyyy (A.3)
exp(Ya + n)dkit1 = Kik dky + Kk dey (A.4)
where dc;, = log(a't) - log(é*) is the log deviation of C; and dk; = log(I?t) - log(f\;") is the
log deviation of f\;,. Keky Kkk and ki are constants, the derivatives of the log of the right

hand side of (A.1) with respect to log(K’H.l) and of the log of the right hand side of (A.2)

with respect to log(K;) and log(C;).1? Subtracting (A.4) from the same expression evaluated

one period forward yields

exp(Ye + Vn)(dkiy2 — dkisr) = Kke(dhipr — dke) + Kic(deryr — dey) (A.5)

Equation (A.3) can then be used to substitute for dc,+; —dc,, leaving a second order difference

equation in dk;:

exP(Ya + m)(dkesr2 — dkir) = Kin(dkeyr — dky) + Kk (ke /T) dhe (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.1).

12Note that ek = (14 p)~1(0 — 1)0K 1=V exp(—7a7), kkx = (1 + p) exp(7a7), and Ky = -Ct/K1.

26



r-3
4

From (5) and the observation that when A; = Kt the growth of capital stock per capita is

the steady state rate of v,, so Ak, = v,, we know that v, = a; + o log(f{f). This leads to
a1 = 7, — azlog(K™) (A.7)
and suggests a guess for solution to (A.6):
dkiy1 = (a2 + lb)dk, (A.8)
(since dksyy — dky = Akiy1 — Yo = aadk;). Then (A.6) yields the characteristic equation

exp(Ya + ) [(@2 +1)° = (@2 +1)] = mu((@2 + 1) = 1) + ke (kex/7) (@2 + 1)

(A.9)

which can be used to find a; in terms of kix, Kk and Kek:

€t + ki + Kre(Kek/T) — /(€7 + Kik + Kie(Kek/T))? — deTet iy,
2e‘7a+’1n

(2 +1) =
(A.10)
For p = 0.04, 7 = 1.2, § = 0.38, &; = 0.05, 7, = 0.013 and 7, = 0.012 we have Kt = 7.8,

Ct = 1.6, kex = —0.062, Kix = 1.06 and ki = —0.20. The yields a; = —0.084 and
Q) = 0.185.

The fact that we can find a value of a; which satisfies (A.6) validates our initial guess.

Namely, a linear rule for Ak in terms of ks — a; as in (5) or equivalently (A.8).

B Notes on Econometrics

The model given by Equations (2), (3) and (5) can be coupled with the price implications
of market equilibrium (Sheperd’s Lemma) and a simplified model of productivity shocks

(ignoring the future slowdown and climate consequences) to yield the following econometric
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model;

Aag =7, + & (B.11)
Ak, = (0 ~ 02a3) + aa(kiey — (a]_; = a2)) + 12 (B.12)
ye = (1= 0)ag + 0k, + (1 — 0)(a] — a3) + (B.13)
B =5 =C) _ g4 (B.14)

K,
% =0+ (B.15)
Ve = Tyl—1 + Nt (B.16)

Here a; = log(A}), k: = log(K,/N,), y: = log(Y:/N:), Pk, is the price of capital services
and Py, is the price of output; the remaining variables are as defined in Section 2.!* The
disturbances 7, 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

13The 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+¢781)
investment goods (¢789) and government services (c943). Capital is aggregate capital services (c6867).
Changes in relative prices among output goods (¢792, c761, ¢791, c395) are subsumed into quantity changes
for simplicity. Population is 16+ (c941).

4The 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<1,6>0,a2< 0).

13Geman and Geman (1984), Tanner and Wong (1987), Jacquier, Polson, and Rossi {1994).

v
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distribution.
The distribution used in this paper is based on ten chains of 1500 draws with the first 500
draws dropped to reduce start-up effects. The sample was further reduced by about 10% by

requiring that the reduced form parameters a; and o, map back into meaningful structural

parameters p and 7.

C Notes on Utility Rescaling

Policy consequences in a given state are always expressible in terms of a first period con-
sumption equivalent. Letting C;;(z) be this consumption equivalent for state i and policy

z, a social welfare function which simply averages utility yields

1—7’,'

SW(z) =171 Z (Cia(z)/Ny )i

where N, is the first period population (known with certainty) and 7; is the coefficient of
relative risk aversion in state 7. But scaling the units of consumption by a factor of ¥ changes
social the social welfare associated with policy z to:

Cia(z)/Ny )™

I—T,'

SW(z)=1"Y" pind

Unless the consequences are the same for each state, this simple change in units - which leads
to an unintentional reweighting among states - will change the ordering among policies. The

proposed solution takes the form

SW(@) = 17 3(Cia(@)/ Ny {Cual2 M)

1- T;
where C;,,(9) is the consumption level in the absense of policy and

7 (Cia(z)/ M)
1- Ti

u(z,) = (Ci (0)/N1)

is the rescaled utility measure in (17). Note that renormalizing the units of consumption no

longer affects the policy ordering.

-
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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 No(s).: 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 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 [Ma.nne 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 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 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.
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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

2An 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 technolggy
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 optimél 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 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 CO; 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
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casual observation which instrument will be more efficient and whether the difference will be
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

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

2 Model

2.1 Overview

The pﬁrpose of the model is to translate a climate change policy - either a tax or control rate
- into 2 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-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

~
-



random IID exogenous shocks to productivity.> In contrast, this paper models the tré‘;d
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 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 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.

3For a recent summary of the solution techniques for stochastic growth models see Taylor and Uhlig
(1990).

4“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.
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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 = 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 safisfy
the von Neuman-Morgenstern axioms, the consumer’s optimization problem can be written

as

= Ci/N)'"
max E Z(l +p)“N,('/—')

t
te{0,1,...} t=0

(1)
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where C, is consumption in period ¢ and N, is population. This consumption program

{Co,C1, ...} is subject to the resource constraints
Y, = (A;N,)OK? (2)
and
K = Ki(1-6) +Yi = C, 3)

where Y, is aggregate output, A7 is net labor productivity and K is the capital stock. The
parameter § summarizes the Cobb-Douglas production technology given in Equation (2) and
dx 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 — 1) x (asymptotic growth rate of A7) (4)
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This is always satisfied by assuming zero growth asymptotically.
Even with exogenous constant growth models for N, and A;, the dynamic optimization

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

choosing

AID(KH.I/NH.I) =0 + Qz(ln(l\’g/Ng) - ln(A,')) (5)

and
Ci=K(1-6)+Y:— Kipq (6)

- where o; and a; are functions of the parameters (p, 7, 6, dk) - 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 a; and a5 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, A?, 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
— L

l_bl#?? )'1-0
A = A 7
‘ (}+(Do/9)-7:i ‘ @

damages

p+ is the fractional reduction in CO; emissions at time ¢ (the “control rate”) versus a business
as usual/no government policy baseline, while b; and b, parameterize the cost of attaining

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

5Long and Plosser (1983) derive an analytic solution for the case of §x = 1 and limr — 1 (log utility).

-



Dy is the fractional loss in aggregate GDP from a 3° temperature increase. The form of t%e
~ 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 A, is modeled as a random walk in logarithms with an

exponentially decaying drift. That is,

log(A;) = log(A¢=1) + 7a exp(—dat) + ga€: (8)

where v, is the initial growth rate, é, is the annual decline in the growth rate, o, is the
standard deviation of the random growth shocks and ¢ is a standard NIID random shock.

Population is modeled similarly but without the stochastic element:
log(N:) = log(Ni-1) + 7a exp(—dnt) (9)

where 7, is the initial growth rate and é, 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 Y;) and warming (measured as the average surface temperature

T;). The first step is linking output to emissions:

B, = o1 - m)¥, (j) (10)

where E, is emission of CO, , o, is an exogenous trend in emissions/output, and y, is the
1-6
rate of emissions reductions induced by the policymaker. The expression Y; (%5—) reflects
t
“raw” output prior to reductions due to damages and control costs. The model of o, is, as

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

log(c) = log(0-1) + 7 exp(—dat) (11)

6For example, the range of parameters used in the simulations (with 8,/ € (0.25%,2.5%)) leads to a
halying of the growth rates every 20 to 200 years.



where v, 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 (&,).

Emissions of CO; accumulate in the atmosphere according to:
Mg - 590 = ,BEg-] + (1 - Jm)(Mg_l - 590) (12)

where M, is the atmospheric concentration of CO, in billions of tons of carbon equivalent.
f 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 CO;
becomes a ton of atmospheric CO;. The parameter &, plays the role of a depreciation rate:
it is assumed that CO, in the atmosphere above the pre-industrialization level of 590 billion

tons slowly decays. This decay reflects absorption of CO, into the oceans which are assumed

to be an infinite sink.

Above average concentrations of CO; 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
F; = 4.1 x log(M,/590)/log(2) + O (13)

where F, measures radiative forcings in units of watts per meter squared. The specification is
such that a doubling of CO; concentrations leads to a roughly four fold increase in forcings.
O: in this relation represents radiative forcings due to other greenhouse gases and is assumed

exogenous to the model:

0.2604 + 0.0125¢ — 0.000034¢t> if t < 150
1.42 otherwise
Increased forcings lead to temperature changes according to
T, =Tiey + (1/Ry) [Fe = ATecy — (Ra/712)(Temy — Ty (15)
T =T,y + (1/R2)(Re/7i2)(Te-y — TL,) (16)
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Figure 1: State-contigent model
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compute new temperatures, T,,, /T,,,. (13-16)

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

where T; is the surface temperature and 77 is the deep ocean temperature, both expressed
in changes relative to pre-industrialization levels in degrees Celsius. Note that if M, = 590
and O; = 0 (e.g., pre-industrialization), T; 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 CO, in the
atmosphere will lead to a 4.1/ rise in surface temperature in the long run. This parameter
4.1/X is a measure of the temperature sensitivity of the atmosphere.”

The parameters R;, R, and 7, 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 {y,}) is translated into a state-
contingént utility measure (as measured in Equation (1)).

At any point in time, the vector { Ky, A¢, Ny, 04, My, T;, T;'} completely describes the state

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

7) by itself is referred to as the climate feedback parameter.

10
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climate and trends - are then used to evolve the current state into the next period state. ’fhe
economy and climate models make use of the policy variable y, 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 parameters
describing observable economic activity:

pure time preference p,

risk aversion 7,

output-capital elasticity 4,

productivity growth ~,,

variation in productivity growth o2, and
depreciation 4.

A joint distribution for these parameters is estimated with historical data. The remaining
thirteen describe emissions:

o emissions rate growth v,,
climate change:

e CO; retention rate 3,

¢ temperature sensitivity 4.1/,

o CO; decay rate ¢,,,

o thermal capacities and conductivities R;, R; and 7,5,

control costs and damages:

e cost function parameters b; and b,,

g
-
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e fractional loss of GDP for 3° temperature rise Dy,

and long-term growth trends

e population growth v,,
e productivity slowdown 4,,
e population slowdown §,,.

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 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 as 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

8Chapters 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
ure rate of time
- p (1)
preference
000 001 00 003 004 005 006 007 008
coefficient of risk aversion T (1) ‘ ‘
output-capital elasticity 0 (2)
rate of capital
... é
depreciation k (3)
000 0082 004 0046 0048 0050
initial productivit
P d Ya (8)
growth rate
standard error of
s (8)

productivity shocks

13
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Table 2: Discrete distributions of uncertain climate/trend parameters
(narrow bars indicate values used in simulations without uncertainty)

LR

description symbol equation distribution
annual decline of
. 6n (9)
population growth rate
w o om 003
annual decline of
. . ,(11
productivity growth rate a (8),(11)
0.00 001 002 003
initial growth rate of '
. 10),(11
CO; per unit output o (10),(11)
000 001 wm e
damage parameter
(% loss of GDP for 3° Dy (7)
temperature rise) ,
000 001 002 003
cost function parameter b, (7
000 002 004 006 008 o.'1o 0.'12 AL
retention rate for CO
- 2 g (12)
emissions
05 050 0% 0@ 065 ol 075 080
temperature sensitivity
. g 4.1/X  (13),(15
to CO; doubling (in °C) / (13),(15) I ‘ ‘ |
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Table 3: Description of fixed parameters®

parameter symbol  equation units value
cost function parameter b, (7) 2.887
decay rate of atmospheric CO, Om (12) 0.00833
1/thermal capacity of atmosphere  1/R; (15) °C-meter?/watt-year  0.048
thermal conductivity b/w Ra/712 (15),(16) watt/°C-meter? 0.44
atmosphere and oceans
1/thermal capacity of deep oceans 1/R; (16) °C-meter?/watt-year %0%
1995 global population No (9) millions of people 5590
initial population growth Tn (9) 0.0124
initial rate of CO, emissions oo (11) billg)lngggr:‘s;ilcligzsper 0.385
per unit of output
1995 global capital stock Ky (2),(3) $1989 trillions 79.5
1995 global output Yo (2),(3),(10) $1989 trillions 24.0
1995 atmospheric Mo (12) e e 763.6
concentrations of CO,
1995 surface temperature® To (7),(15),(16) °Celsius 0.763
1995 deep ocean temperature® T (15),(16) °Celsius 0.117

2All fixed parameters are from Nordhaus (1994b). The parameters that do not depend on time are from

bTemperatures are measured as deviations from the pre-industrialization level, circa 1900.

Nordhaus’ Table 2.4. Initial values for temperature, CO, 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 CO; 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.

L



parameters of the social welfare function. Instead, we must rely on social choice theory a%d
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

SW(z)=1I" Zu(z,i) (17)

=1
where u(z,1) is rescaled utility in state ¢ with outcome z and SW(z) is the social welfare

associated with z. The rescaling is such that
u(+381 p.c. in initial period, i) — u(@,7) = u(+$1 p.c. in initial period, j) — u(0, ) Vi, j
That is, a policy corresponding to an extra dollar of per capita in the initial period is assumed
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to have the same utility in every state relative to a no policy (9) 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 consequence

for immediate decisions.

1
v
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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 and risk aversion
T uncertain, as illustrated in Figure 3. In contrast, a reoptimized policy based on modeling
only the climate parameters (y,, Do, b, 3, and 4.1/)) 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/i - 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.

18
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Figure 3: Decomposition of policy consequences
V.39

—— optimal policy with uncertainty

— - optimal policy with only p and t uncertain

- = = optimal policy with only ¥, Do, by, B, 4.1/A uncertain
- = optimal policy with no uncertainty 7

0.30 1

0.25 1

020 1

0.15 1

0.10 +

(versus no government policy)

0.05 +

¢, reductions in carbon dioxide emissions

0.00 - + + + + : +— -+
1980 2000 2020 2040 2060 2080 2100 2120 2140

year

Why does uncertainty about the interest rate rise in the future? The historic interest rate
is an observed quantity and therefore easily predicted over short horizons. More generally,
it depends in a simple way on future growth, risk aversion and time preference via the Euler
equation: i = p+4 - g,,. Herei is the interest rate, p the pure rate of time preference, 7 the
coefficient of relative risk aversion and g, the rate of future productivity growth at time t.
Future unéerta.inty arises because we assume productivity growth g, . eventually declines to
zero (according to Equation (8)) leaving only pure time preference p to motivate non-zero
interest rates. While historical data tells us that with growth of 1.3%, interest rates will be
5%, we have much less information about how to dissect the observed 5% into its component

pieces p and T - 1.3%. Therefore, we know less about what the interest rate will be once

growth declines.

3.2 Welfare

In spite of the differences depicted in Figure 2, the welfare consequences of the two policies
‘remain unclear. Suppose we analyze both policies using the model in Section 2, reflecting the

uncertainty summarized in Tables 1 and 2. Does the policy which ignores uncertainty leave

1
4
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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 soéial welfare by 0.32 units based 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 (b; |), high damages (Do 1), high temperature sensitivity (4.1/2 1), low
pure rates of time preference (p |), rapid productivity slowdown (42 1), but high population
growth (6, l). 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 10~5 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.

s
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over a tax policy and then compare the resulting welfare gains.
Weitzman (1974) first demonstrated the dichotomy between price and quantity controls
with uncertain costs in a simple partial equilibrium model. This model incorporates dynamic

general equilibrium, leading to a more complex expression for the marginal cost of reduced

emissions in period t:

by - by bymt (18)

MG = o+ Do 10"

where b; and b, are cost function parameters, Do is the damage from a 3° temperature rise,
T, is the temperature rise since industrialization, y, is the control rate, and o; is the rate
of emissions per unit of output. Since by, oy, Do, and T; vary among states of nature, the
marginal cost will as well. Optimizing agents who set marginal cost equal to an imposed
tax rate in each period will choose different control rates depending on the parameter values
in their particular state of nature. Since a rate control would fix the emission reduction

rate across all states, there is no rate control which can reproduce the consequences of a tax

instrument in all states.

4.1 Taxes versus rate controls

In order to implement a tax instrument in the model, the control rate in each state of nature
and time period is replaced with an expression for y. derived from (18).1® MC in this
expression is replaced with the chosen tax rate. The optimal tax path is then determined
by maximizing the social welfare expression in (17).

The tax instrument does in fact lead to a higher welfare gain- compared to the rate
instrument. When converted to a certainty equivalent change in first period consumption,
the gain is $86 per person for the tax. This is a 20% improvement over the rate instrument,
which yields only $73. Note that compared to the rate instrument computed in the absense

of uncertainty, this represents a 50% overall gain. That is, a policymaker who ignores

19Derived rates higher than 100% are set to 100%, indicating that the tax induces complete elimination
of emissions

"
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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 (6, 1), 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 d,, by the definition of the emissions rate (11), also leads to higher values of ¢, and low
marginal control costs by (18) (recall that growth in o, 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 4: Intuition for taxes being preferred to rate instruments
(dashed lines indicate particular realizations of uncertain costs and benefits)
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Original Weitzman (1974) result that relatively
flatter (higher elasticity) marginal benefits favor
taxes. Note that all three intersections correspond
to similar shadow prices but different control rates.
Hence the deadweight loss will be lower with a
fixed shadow price rather than a fixed control rate.
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Correlation of upward shifts in benefits with down-
ward shifts in costs favors taxes. Note that both
intersections lead to similar shadow prices. As in
the left panel, the deadweight loss is lower with
the shadow price fixed (via a tax) rather than the
control rate fixed.

rights will have different values in different states. Using the results of many simulations,

it is possible to plot the distribution of resulting values and obtain a visual sense of the

difference between instruments.

Figure 5 shows the median, 50% and 95% forecast intervals for the value of emission rights

under the optimal rate control, along with the fixed values under the optimal tax policy (the

optimal tax policy which ignores uncertainty is presented for comparison). While the median

case under the optimal rate control closely tracks the optimal tax policy, the 95% forecast

interval includes widely divergent values. For example, the median value of a right to emit

one ton of carbon dioxide rises to around $20 after 50 years. It is entirely possible, however,

that under an optimal rate control the value will be over $100. With these magnitudes of

difference between the two instruments in terms of marginal costs, the distinction in welfare

consequences discussed in the previous section is no longer surprising.
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Figure 5: Value of emission rights under alternative policies

140
1204 === optimal rate policy with uncertainty 'c.
(median, 50% and 95% probability intervals) ¢
- Optimal tax policy with uncertainty
100 | = = optimal tax policy ignoring uncertainty y
’ P '

[+ ]
o
1

60

40

20

shadow price of carbon emissions ($/ton)

0

1980 2000 2020 2040 2060 2080 2100 2120 2140
year

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 case of carbon dioxide emissions, taxes perform better. Tht?' welfare
gain associated with the optimal tax instrument is $86 per person whereas the gain as.sf‘ocia.ted
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
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also takes advantage of econometrically quantified uncertainty. Lastly, the model explicitly
addresses the issue of aggregation over uncertain preferences.

| The most important consequence of this paper may be to encourage a reassessment of
the current agenda for climate change research. Considerable effort has been directed to-
wards the importance of learning; perhaps more effort should be directed at the consequences
of uncertainty itself - without learning. A great deal of attention has focused on climate
uncertainty; this paper suggests that considerable uncertainty surrounds the economy. In
particular, the course of productivity growth has an important bearing on both future emis-
sions and the valuation of future benefits via the interest rate. Finally, much of the policy
discussion seems to have shifted towards quantity controls as the preferred instrument; this

paper suggests that efficiency arguments may point the other way, towards taxes.

Appendix

A Notes on Solution Algorithm

This section explains the solution to the consumer optimization problem (1) given by Equa-
tion (5). In words, (5) is a log-linear approximation of the optimal decision rule based on
the deterministic steady-state level of capital per efficiency unit of labor, e.g., K;/(AIN,).
This approach turns out to work rather well for three reasons: First, the economy starts off
relatively close to the steady state defined by the initial growth rates. Second, the decline
in deterministic growth rates, described in Equations (8-9), has little effect on the approx-
imation parameters. Third, the shocks away from the steady state ~ from both exogenous
stochastic productivity shocks as well as endogenous climate change effects - are relatively
small. While there are many ways of deriving expressions for @; and a, in terms of the
underlying parameters, the simplest is based on a logarithmic approximation to the saddle
path around the steady state in C;/(A;N,) and K,/(A;N,) space.

We begin with the Euler equation arising in a balanced growth equilibrium (where v, =

”
v
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st

log(A?) — log(A;_,) and 7, = log(N,) — log(N,_,) are constant V t):1

Cis1/N, T ; -
(BTRE) = (4007 (e iy New) 1 - ) (A1)
At the balanced growth equilibrium 9%{*—‘ = exp(7.) 5o (A.1) can be solved for steady

1
state capital stock per efficiency unit of labor, Ky41/(A};; Ney1) = Kt = ((H”) °xP(";T)—(1'6")) .

The capital accumulation equation (3),

K1 = Ki(1 = &) + (A*N)'PK?8 — C, (A.2)
then yields steady state consumption per efficiency unit of labor C,/(A;N,) = Ct=FKt4
(1= & — exp(ya + 7)) K.

The approximation (5) is made by taking total derivatives of both (A.1-A.2) with respect

to log(f\;t.,.l), log(K,), log(5t+1) and log(C}) around the steady-state values iy = Koy = Kt

and 5: = 5t+1 = C*t. This leads to the expressions
T(deiy — dey) = Ker dkyyy (A.3)
exp(Ya + Yn)dkiy1 = Krx dky + Ky dcy (A.4)
where de, = log(Cy) — log(C) is the log deviation of C, and dk, = log(K:) — log(K1) is the
log deviation of I?,. Kck, Kkk and Ky, are constants, the derivatives of the log of the right

hand side of (A.1) with respect to log(l?t+1) and of the log of the right hand side of (A.2)

with respect to log(l? ;) and log(C,).12 Subtracting (A.4) from the same expression evaluated

one period forward yields

exp(Ya + Yo )(dkty2 = dkeyy) = kpi(dkeyr — dky) + Kie(deryy — dey) (A.5)

Equation (A.3) can then be used to substitute for dc;4; —dc,, leaving a second order difference

equation in dk;:

exp(Ya + Vn)(dkiy2 — dkiyr) = Kre(dher — dke) + ke (Kek/T) dhyy (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 ¢, invests the extra output, then consumes
the gross return (interest and principal) in period ¢ + 1. If the path of consumption is indeed optimal, this
should have no effect on utility and leads to the condition given in (A.1).

2Note that ke = (14 p)~1(8 = 1)0K 19~ exp(—va7), Kak = (1 + p) exp(7a7), and ki = -Ct/K?t.
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model:

Ad; =7, + € (B.11)
Ak, = (ay — 0gag) + oalkeoy — (a_, — a3)) + 72 (B.12)
Y = (1 — 8)ay + 0k, + (1 — 0)(a} — a3) + 7us (B.13)
B = =C) )44 M3t (B.14)

K,
%ﬁ =0+ (B.15)
U = Tylioy + Nat (B.16)

Here o} = log(A;), ki = log(K:/N:), y: = log(Y:/N:), Pk, is the price of capital services
and Py, is the price of output; the remaining variables are as defined in Section 2.1* The
disturbances 7; 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

'3The 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+ (c941).

14The Jefrey’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< 8 < 1, 8 >0, as < 0).

15‘_Geman and Geman (1984), Tanner and Wong (1987), Jacquier, Polson, and Rossi (1994).
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From (5) and the observation that when I, = At the growth of capital stock per capita is

the steady state rate of v,, so Ak, = 7,, we know that v, = a; + ay log(lt’ 1). This leads to
oy = 7, — azlog(KY) (A.7)
and suggests a guess for solution to (A.6):
dkeyy = (az + 1)dk, (A.8)
(since dkyyy — dky = Akyyy — 7, = azdk). Then (A.6) yields the characteristic equation

exp(Ya + 7m) [(@2 +1)* = (a2 +1)] = spx((az + 1) = 1) + Kpe (Kek/7) (02 + 1)
(A.9)

which can be used to find a; in terms of ki, Kkc and Kex:

€™ + Kk + Kke(Kek/T) — /(€77 + Kk + Kke(Kek[T))2 — deratIm iy

(a2 + 1) = 2eYatn

(A.10)

For p = 0.04, 7 = 1.2, 6 = 0.38, &, = 0.05, 7. = 0.013 and v, = 0.012 we have Kt = 7.8,
Ct = 16, 6 = —0.062, kxx = 1.06 and ki, = —0.20. The yields a; = —0.084 and
a; = 0.185.

The fact that we can find a value of a, which satisfies (A.6) validates our initial guess.

Namely, a linear rule for Ak, in terms of k; — a as in (5) or equivalently (A.8).

B Notes on Econometrics

The model given by Equations (2), (3) and (5) can be coupled with the price implications
of market equilibrium (Sheperd’s Lemma) and a simplified model of productivity shocks

(ignoring the future slowdown and climate consequences) to yield the following econometric
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distribution.
The distribution used in this paper is based on ten chains of 1500 draws with the first 500
draws dropped to reduce start-up effects. The sample was further reduced by about 10% by

requiring that the reduced form parameters a; and a; map back into meaningful structural

parameters p and 7.

C Notes on Utility Rescaling

Policy consequences in a given state are always expressible in terms of a first period con-
sumption equivalent. Letting C;;(z) be this consumption equivalent for state i and policy

z, a social welfare function which simply averages utility yields

Cia(z)/Ny)' ™

1—‘1’,'

SW(z)=1")Y (

where N, is the first period population (known with certainty) and 7; is the coefficient of
relative risk aversion in state i. But scaling the units of consumption by a factor of 3 changes

social the social welfare associated with policy z to:

SW(z)=1I" Z pr-ni{Cua(@)/ M)

1- Ts
Unless the consequences are the same for each state, this simple change in units — which leads
to an unintentional reweighting among states — will change the ordering among policies. The
proposed solution takes the form
(Cia(z) /N
SW(I) = ]! Z(Ci,l(m)/Nl)T' ( .1( )/ 1)

: l—T,'

where C;1(0) is the consumption level in the absense of policy and

(Cia(z)/Ny)'7™

1—1’,‘

u(z,i) = (Cia(0)/N1)™

is the rescaled utility measure in (17). Note that renormalizing the units of consumption no

longer affects the policy ordering.
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