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Figure 9-1. Optimal carbon tax in three alternative runs for the Stern
Review analysis. The calculated optimal carbon tax, or the price that
equilibrates the marginal cost of damages with the marginal cost of
emissions, in the different runs. The runs are explained in the text.
These numbers are slightly below the estimated social cost of carbon
for the uncontrolled runs. Values are prices per ton of carbon in 2005
international U.S. dollars.

of return and too high a savings rate compared with actual
macroeconomic data. If the model is designed to fit current
market data, then the modeler has only one and not two de-
grees of freedom in choosing the time discount rate and the
consumption elasticity. The Stern Review seems to have be-
come lost in the discounting trees and failed to see the capital
market forest by overlooking the constraints on the two nor-
mative parameters.

Since this analysis was first undertaken, similar results
have been found by other modelers. A particularly enlighten-
ing set of runs was made by Chris Hope, who is the designer of
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Figure 9-2. Rate of return on capital in alternative runs. The marginal
product of capital in the different runs for the analysis of the approach
of the Stern Review. Conceptually, the return is the discount rate on
consumption from one period to the next. The model contains no
inflation, risk, or taxes. The figure is the estimated geometric average
real return from the date shown to the next date.

the PAGE model that was used for some economic modeling
runs in the Stern Review. Hope attempted to replicate the
Stern Review’s results in his own model. He found that when
he substituted the assumptions and discount rates that were
normally used in the PAGE model, the mean social cost of car-
bon was only $43 per ton of carbon. Simply substituting a dis-
count rate of 0.1 percent per year into the PAGE model raises
the mean social cost of carbon from $43 per ton of carbon to
$364 per ton of carbon, which is close to the ratio found
here.” A study by Sergey Mityakov, using yet another cali-
brated model of the economics of global warming, finds that
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the Stern Review’s discounting assumptions raise the present
value of damages by a factor of 8 to 16, depending upon which
baseline discount rate is used.?

What should the prudent reader conclude from all this?
Global warming is a complex phenomenon, and there are
many perspectives that can help illuminate the issues. Sensible
decision making requires a robust set of alternative scenarios
and sensitivity analyses to determine whether some rabbit has
in the dead of night jumped into the hat and is responsible for
some unusual results. One of the major flaws in the Stern
Review is the absence of just such robust analyses.

Summary Verdict

How much and how fast should the globe reduce GHG emis-
sions? How should nations balance the costs of these reduc-
tions against the damages and dangers of climate change? The
Stern Review answers these questions clearly and unambigu-
ously: We need urgent, sharp, and immediate reductions in
GHG emissions.

I am reminded of President Harry Truman’s complaint
that his economists would always say, on the one hand this
and on the other hand that. He wanted a one-handed econo-
mist. The Stern Review is a president’s or a prime minister’s
dream come true. It provides decisive answers instead of the
dreaded conjectures, contingencies, and qualifications. How-
ever, a closer look reveals that there is indeed another hand
to these answers. The Stern Review’s radical revision of the
economics of climate change does not arise from any new
economics, science, or modeling. Rather, it depends deci-
sively on the assumption of a near-zero time discount rate
combined with a specific utility function. The Stern Review’s
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unambiguous conclusions about the need for extreme imme-
diate action will not survive the substitution of assumptions
that are more consistent with today’s market real interest and
savings rates. Hence the central questions about global-
warming policy—how much, how fast, and how costly—
remain open. The Stern Review does not provide useful
answers to these fundamental questions.
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Summary and Conclusions

This book presents the results of the DICE-2007 model, which
is a complete revision of earlier models of the economics of
global warming. The model is a globally aggregated model
that incorporates simplified representations of the major ele-
ments involved in analyzing the problems associated with cli-
mate change. The major feature of the DICE model is that
it allows us to analyze in a simplified and transparent fashion
the economic and environmental impacts of alternative poli-
cies, including one with no controls, an economic optimum,
and ones targeted on climatic constraints, as well as ones that
derive from current policies such as the Kyoto Protocol. We
conclude this book with some reservations and summary
conclusions.

Reservations

We begin with some reservations that should be kept in
mind in weighing the results of this book. These reservations
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are in addition to the contentious issues discussed in Chap-
ter 3. The first reservation is that the structure, equations,
data, and parameters of the model all have major uncertain
elements. Virtually none of the major components is com-
pletely understood. Moreover, because the model embodies
long-term projections of poorly understood phenomena, the
results should be viewed as having growing error bounds the
further the projections move into the future. As an example,
the temperature projections indicate an uncertainty range
(roughly the middle two-thirds of the distribution) of 1.9 to
4.0°C for 2100.

The impact of uncertainties on policies is not obvious.
The common presumption is that uncertainty would lead to
tighter restrictions on carbon emissions or higher carbon
taxes. This, however, is not necessarily correct. If the uncer-
tainties come primarily from changes in productivity, then
the presence of uncertainty might lead to lower optimal car-
bon taxes. Moreover, sensible policies will depend upon the
time path of the resolution of the uncertainties; a more rapid
resolution of uncertainty implies that it may be beneficial to
impose less costly restraints until the exact nature of future
consequences is revealed. One preliminary finding of the
uncertainty analysis in this book is that the best-guess or
certainty-equivalent policy differs little from the expected-
value policy.

A second reservation, related to the first, is that the DICE
model is but one approach to understanding the economic
and policy issues involved in global warming. It embodies the
modeling philosophy and the analytical and empirical procliv-
ities and biases of its author. Other models provide different
perspectives and important insights that cannot be obtained
from this approach. Particularly important are issues such as
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aggregation over space and time, distributional issues over
rich and poor generations and nations, dynamics, atmos-
pheric chemistry, regional detail in geophysical sciences, fix-
ity of capital stocks, political rigidities, and bargaining
questions in international agreements. No medicine can ef-
fectively cure all diseases, and no model can accurately
answer all questions.

A third major reservation is that the DICE model con-
tains highly simplified representations of the major relation-
ships among emissions, concentrations, climate change, the
costs of emissions reductions, and the impacts of climate
change. Much regional detail is hidden or lost in the aggrega-
tion, and some of the trade-offs involved, particularly be-
tween rich and poor regions, cannot be explored.

The use of highly aggregated relationships is motivated
by one primary concern. The relationships among the differ-
ent parts of the system are extremely complex, particularly be-
cause they involve long time dynamics. It is useful, therefore,
to work with a model that is as simple and as transparent as
possible. Complex systems cannot be easily understood, and
strange behavior may well arise because of the interaction of
complex nonlinear relationships. To include more sectors of
the economy, more layers of the ocean, more greenhouse
gases, more energy resources, more layers of production func-
tions, or multiple regions would reduce transparency, hinder
use of the model, and impair its ability to conduct sensitivity
analyses. Apologies are extended to those who feel that their
discipline has been grossly oversimplified. Along with the
apologies go invitations to help improve our understanding
by providing better parsimonious representations of the cru-
cial geophysical or economic processes. In modeling, small is
genuinely beautiful.
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Major Results and Conclusions

This book contains many results that have been discussed
along the way. In this section, I highlight 10 major conclu-
sions.

The first major point is that an ideal and efficient
climate-change policy would be relatively inexpensive and
would have a substantial impact on long-run climate change.
This policy, which we have labeled the “optimal” one, sets
emissions reductions to maximize the economic welfare of
humans. The net present-value benefit of the optimal policy is
$3 trillion. Our estimate is that the present value of global
abatement costs for the optimal policy would be around $2
trillion, which is 0.1 percent of discounted world income.
(Recall that all dollar values in the text, tables, and graphs are
in 2005 U.S. dollars and are measured in purchasing-power-
parity exchange rates.)

The optimal policy reduces the global temperature rise
relative to 1900 to 2.6°C in 2100 and to 3.4°C in 2200. If con-
centration or temperature limits are added to the economic
optimum, the additional cost is relatively modest for all but
the most ambitious targets. For example, imposing a con-
straint in which CO, concentrations are limited to a doubling
of preindustrial levels has an additional present-value cost of
$0.4 trillion, while limiting global temperature increases to
2.5°C has an additional present-value cost of $1.1 trillion over
the optimum.

Note that although the net impact of policies is relatively
small, the total discounted climatic damages are large. We es-
timate that the present value of climatic damages in the base-
line (uncontrolled) case is $22.6 trillion, compared with $17.3
trillion in the optimal case.
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The second point refers to findings about the social cost
of carbon (SCC) along with carbon taxes or prices. Our esti-
mate, shown in Table 5-1, is that the SCC in the baseline case
is about $28 per metric ton of carbon in 2005. (Often, prices
are quoted in terms of prices for carbon dioxide, which are
smaller by a factor of 3.67, so the current SCC is $7.40 per ton
of CO,.) This figure is slightly higher than the optimal carbon
tax, which is estimated to be $27 per ton of carbon in 2005.

These numbers are the most informative indicator of the
optimal tightness of climate-change policies. The optimal car-
bon tax indicates the level of restraint on carbon emissions
that would need to be imposed in order to put the globe on
the economically optimal path—the path on which incre-
mental costs and benefits are balanced. The baseline SCC
indicates the maximum value that any efficient emissions-
control program should take. An efficient partial program
(say, one with less than complete participation) might have
a carbon price above the optimal price, but it would never
be above the no-controls SCC.

The SCCs with the intermediate climatic objectives are
slightly higher than those of the baseline or optimal programs
because they implicitly assume very high costs at the thresh-
olds. For example, the initial SCC with a limit of doubling CO,
concentrations is $29.20 per ton of carbon, compared with
$28.10 per ton of carbon for the baseline. The carbon taxes that
would apply to the climatic limits, except for the very stringent
case, are close to those of the economic optimum. For exam-
ple, the 2010 carbon prices associated with the CO,-doubling
and 2.5°C cases are $40 and $42 per ton of carbon, respectively,
compared with $34 per ton for the optimum without limits.

This book also shows that the trajectory of optimal car-
bon prices should rise sharply over the coming decades to
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reflect rising damages and the need for increasingly tight
restraints. For example, in the optimal trajectory, the carbon
price would rise to $95 per ton of carbon by 2050 and to $202
per ton of carbon by 2100. The ultimate limit of the carbon
price would be determined by the cost at which the backstop
technology (a technology that provides superabundant sup-
plies of zero-carbon fuel substitutes for all uses) would be-
come available. Note as well that the climatic-limit cases show
steeper increases in the carbon price depending upon the pre-
cise target chosen.

The third point concerns the need for cost-effective poli-
cies (or, conversely, the need to avoid inefficient policies). The
results cited in the first two summary points assume that the
policies are efficiently deployed. This means that carbon prices
are harmonized across sectors and countries, that there are no
exemptions or favored sectors, and that the time path of car-
bon prices is correctly chosen. All of these are unrealistic in the
world we know today. For example, in the Kyoto Protocol, car-
bon prices are different across countries (from high to zero);
within covered countries, some sectors are favored; and there
is no mechanism to guarantee an efficient allocation over time.

As an example of highly inefficient strategies, we can look
at the results for the Kyoto Protocol without the United States.
In this case, because the regime is so minimal and distorted, the
present value of the damages is only $0.12 trillion less than the
baseline, while the abatement costs are $0.07 trillion higher.
This estimate assumes that the policy is efficiently implemented
within the Protocol region, which is clearly not the case.

The ambitious policies proposed in the Stern and Gore
regimes have the opposite problem. They are inefficient be-
cause they impose too-large emissions reductions in the
short run. In other words, they do not take into account that
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an efficient emissions-control policy has an upward-sloping
ramp, as shown in Figures 5-4 and 5-5. Because the initial
emissions reductions are so sharp in the ambitious propos-
als, they impose much higher costs to attain the same envi-
ronmental objective.

Moreover, the results here incorporate an estimate of the
importance of participation for economic efficiency. Com-
plete participation is important because the cost function for
abatement appears to be highly convex. We preliminarily esti-
mate that a participation rate of 50 percent instead of 100 per-
cent will impose a cost penalty on abatement of 250 percent.

Similar issues arise for policies that use technological
standards in place of generalized market mechanisms. Two
prominent proposals are to ban coal-fired power plants and
to raise sharply fuel-economy standards for automobiles. Al-
though both of these industries will require major adjust-
ments if tight restraints are imposed on emissions, technology
standards are blunt and inefficient instruments. Calculations
of the carbon-tax equivalent of some fuel-economy proposals
indicate that they are far above the optimal carbon tax and
thereby impose larger costs than necessary to meet the same
objectives.

We can also think of participation in terms of whether
the entire economy is covered by an emissions-control strat-
egy. Many policies focus on small slices of the economy, such
as fuel-economy standards for the automobile industry. The
high costs of limited participation apply with equal force here.
For example, if half the economy with average emissions in-
tensities is exempted because of political concerns with, say,
farmers, the poor, labor unions, powerful lobbies, or interna-
tional competitiveness, then the cost of attaining a climatic
objective will also have a cost penalty of 250 percent. The con-
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cerns about participation apply within, as well as across,
countries.

The fourth point concerns the DICE-model projections
for GHG emissions and climate change. The DICE projections
for emissions show a different pattern from that of many
of the projections used by the IPCC. As shown in Figure 3-2,
the DICE-model baseline CO, emissions are at the low end
of the SRES projections through 2030. However, after that
time, the SRES scenarios tend to stagnate, while the DICE-
model projections under a baseline, no-controls strategy con-
tinue to grow rapidly.

The DICE baseline temperature projections are in the
lower-middle end of the projections analyzed in the IPCC’s
Fourth Assessment Report. The IPCC Fourth Assessment
Report gives a best estimate of the global mean temperature
increase of between 1.8 and 4.0°C from 1980-1999 to
2090-2099. The DICE baseline yields a global mean tempera-
ture increase of 2.2°C over this same period.!

The fifth point is that the economic benefits of a low-
cost and environmentally benign backstop technology are
huge in terms of net impacts, averted costs, averted damages,
and benefit-cost ratio. We estimate that a low-cost technolog-
ical solution would have a net present value of around $17
trillion.

The sixth point involves an analysis of the Kyoto Proto-
col. The analyses in this book and several earlier studies indi-
cate that the current Kyoto Protocol is seriously flawed both
in its environmental rationale and in its economic impacts.
The approach of freezing emissions for a subgroup of coun-
tries is not related to a particular goal for concentrations, tem-
perature, or damages. As shown in Table 5-3, the different
versions of the Kyoto Protocol all pass a cost-benefit test.
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However, their net benefits are very small relative to other
policies. For example, as shown in Table 5-1, the current Ky-
oto Protocol (without the United States) has net benefits of
around $0.15 trillion, compared with $3.4 trillion for the effi-
cient policy. Moreover, once the inefficiencies of the different
versions of the Protocol are included, they are unlikely to pass
even the minimal cost-benefit test used here.

A different and more optimistic interpretation of the Ky-
oto Protocol is that it is an awkward first step on the road to a
more efficient international agreement on climate change. The
fact that the initial emissions reductions are low is not incon-
sistent with the results of this book, although the implementa-
tion is extremely inefficient. If we view the Kyoto glass as
one-quarter full rather than three-quarters empty, then there
are important changes that need to be incorporated to im-
prove its performance.

The seventh conclusion involves what we have called the
“ambitious proposals”—proposals associated with the Stern
Review, proposals of former Vice President Gore, and a recent
proposal from the German government. These proposals are
tilted toward early emissions reductions. Although the Stern
Review had no explicit target, it suggested that an 85 percent
global emissions reduction would be necessary to meet its
450 ppm target (see Stern 2007, figure 8.4, although there is
some ambiguity between CO, concentrations and CO,-
equivalent concentrations). The 2007 Gore proposal for the
United States—a 90 percent reduction in CO, emissions be-
low current levels—is even sharper. Similarly ambitious was
the 2007 German proposal to limit global CO, emissions to
50 percent of 1990 levels by 2050.

Clearly, meeting these ambitious objectives would re-
quire sharp emissions reductions, but the timing induced by
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excessively early reductions makes the policies much more ex-
pensive than necessary. For example, the Gore and Stern pro-
posals have net costs of $17 trillion to $22 trillion relative to
no controls; they are more costly than doing nothing today.
The emissions target of the German proposal is close to that of
the Stern Review’s analysis, and the cost penalty is likely to be
similar. This conclusion does not mean that doing nothing
forever is preferable to these proposals. Rather, it implies that
it is not economically advantageous to undertake sharp emis-
sions reductions (such as reducing emissions 80 or 90 per-
cent) within the next two or three decades.

Eighth, we have undertaken a preliminary uncertainty
analysis. An important application of the uncertainty runs in-
vestigates the question of the risk properties of high-climate-
change outcomes. Should economies be risk averse to
outcomes where climate change is at the high end? The mod-
ern theory of risk and insurance holds that the risk premium
on different outcomes is determined by the correlation of a
risk with consumption in different states of the world. Our
calculations have uncovered a major paradox: High-climate-
change outcomes, as measured by temperature change, are
positively correlated with consumption. This leads to the par-
adoxical result that there is actually a negative risk premium
on high-climate-change states. This paradox arises because in
our calculations the uncertainty about total factor productiv-
ity growth (which is positively correlated with consumption)
outweighs the uncertainties of the climate system and the
damage function (which are negatively correlated with con-
sumption).

Ninth, the size and scope of the interventions in the en-
ergy market from the climate policies analyzed here should
not be underestimated. Figure 5-11 shows carbon revenue
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transfers as a percentage of total consumption for different
policies and periods. The revenue transfers are the total dol-
lars transferred from consumers to producers (if permits are
allocated to producers) or to governments (if constraints are
imposed through efficient carbon taxes). The redistribution of
income is a substantial fraction of world consumption, partic-
ularly for the ambitious plans. For these, transfers or taxes
would be about 2 percent of world consumption in the near
term. For example, an emissions reduction of 50 percent in
2015 is estimated to require a carbon tax of around $300 per
ton of carbon, which would yield a total transfer of around
$1,500 trillion globally from consumers. Although such
amounts are not unheard of in extreme fiscal circumstances
such as wartime, they require a fiscal mobilization not nor-
mally seen. The transfers in the optimal or climate-limit pro-
grams rise gradually to around 1 percent of consumption,
which is itself a major change in fiscal structure. Given the
squawks that often arise from relatively small tax or price in-
creases, even a modest program like the economic optimum is
likely to prove politically arduous.

As a final point, we have examined the relative advan-
tages of price-type approaches like carbon taxes and quantity-
type approaches such as are used in the Kyoto Protocol. Many
considerations enter into the balance. One advantage of price-
type approaches is that they can more easily and flexibly inte-
grate the economic costs and benefits of emissions reductions,
whereas the approach in the Kyoto Protocol has no dis-
cernible connection with ultimate environmental or eco-
nomic goals. This advantage is emphatically reinforced by the
large uncertainties and evolving scientific knowledge in this
area. Emissions taxes are more efficient in the face of massive
uncertainties because of the relative linearity of the benefits
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compared with the costs. A related point is that quantitative
limits will produce high volatility in the market price of car-
bon under an emissions-targeting approach. In addition, a tax
approach can capture the revenues more easily than quantita-
tive approaches, and a price-type approach will therefore
cause fewer additional tax distortions. The tax approach also
provides less opportunity for corruption and financial fi-
nagling than quantitative limits because the tax approach cre-
ates no artificial scarcities to encourage rent-seeking behavior.

Carbon taxes appear to be disadvantageous because they
do not impose hard constraints on emissions, concentrations,
or temperature change. However, this is largely an illusory
disadvantage. There are great uncertainties about what emis-
sions or concentrations or temperature would actually lead
to the dangerous interferences—or even if there are danger-
ous interferences. The key question is: Which of the policy
approaches would allow flexibility in changing policies as new
evidence becomes available? Would it would prove easier to
make periodic large adjustments to incorrectly set harmo-
nized carbon taxes or to incorrectly negotiated emissions
limits? The relative flexibility of these mechanisms is an open
research question.

We suggest that a hybrid approach, which we call “cap-
and-tax,” might combine the strengths of both quantity and
price approaches. An example of a hybrid plan would be a tra-
ditional cap-and-trade system combined with a base carbon
tax and a safety valve available at a penalty price. For example,
the initial carbon tax might be $30 per ton of carbon, with
safety-valve purchases of additional permits available at a
50 percent premium.

The major message about policy instruments is the fol-
lowing: As policymakers search for more effective and efficient
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ways to slow dangerous climatic change, they should consider
the possibility that price-type approaches like harmonized
taxes on carbon are powerful tools for coordinating policies
and slowing global warming.

The summary message of this book is that climate
change is a complex phenomenon, subject to great uncer-
tainty, and changes in our knowledge occur virtually daily.
Climate change is unlikely to be catastrophic in the near term,
but it has the potential for serious damages in the long run.
There are big economic stakes in designing efficient ap-
proaches. The total discounted economic damages with no
abatement are on the order of $23 trillion. These damages can
be significantly reduced by well-designed policies, but poorly
designed ones, like the current Kyoto Protocol, are unlikely to
make a dent in the damages, will have substantial costs, and
may cool enthusiasm for more efficient approaches. Similarly,
overly ambitious projects are likely to be full of exemptions,
loopholes, and compromises and may cause more economic
damage than benefit.

In the author’s view, the best approach is one that gradu-
ally introduces restraints on carbon emissions. One particu-
larly efficient approach is internationally harmonized carbon
taxes—ones that quickly become global and universal in
scope and harmonized in effect. A sure and steady increase in
harmonized carbon taxes may not have the swashbuckling
romance of a crash program, but it is also less likely to be
smashed on the rocks of political opposition and compro-
mise. Slow, steady, universal, predictable, and boring—these
are probably the secrets for successful policies to combat
global warming.
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Appendix: Equations of the
DICE-2007 Model

This appendix presents the major equations in the DICE-2007
model. We omit unimportant equations such as initial condi-
tions. For the full set of equations, see the GAMS program
available online at http://www.econ.yale.edu/~nordhaus/
homepage/DICE2007.htm.

Model Equations

Tmax

(A1) W= ule(t) L()IR()

t=1
(A2) R@)=(1+p)"
(A3)  Ule(t), L(H)] = L()[c()' /(1 —a)]
(Ad) Q()=Q()[1—AM)]JAMK()L(t)"™
(A5) Q)= 1/[1+m T (t) + 7T (t)]
(A.6) A()=m(1)0 (D ()"

e



35225 u0l.gxd 2/20/08 5:36 PM Page 206 $

206 Appendix

(A7) Q(t)=C(t)+1I(t)

(A.8) «¢(t)=C(t)/L(t)

(A9) K(t)=I(t)+ (1 -0 )K(t—1)

(A10) E, ()= o()[1 = w(D]A(K(t]L(1)

Tmax
(A11)  CCum< Y E, (1)
t=0

(A12) E(t)=E, (t) +E, (1)

(A.13) M, () =E(t)+ ¢, M, (t—1)+ ¢, M (t—1)

(A14) M ()= M (t—=1)+ ¢, M (t—1)+
by, M o(t—1)

(A.15) M, (1) = ¢, M, (t=1) + b, .M, (t—1)

(A.16) F(t) = nflog,[M,.(t)/M,(1750)]}+ F_.(t)

(A17) To(t) =T (t—1) + & {F(t) — &T,(t—1)
— &[T, (t—1) =T, (t=1)]}

(A18) T, (1) =T, (t—1) +&(T(t—1) =T, (t—1)]}

(A19) m(t)=o@(t)' %

Variable Definitions and Units (Endogenous
Variables Marked with Asterisks)
A(t) = total factor productivity (productivity units)

*c(t) = capita consumption of goods and services (2005 U.S.
dollars per person)

*C(t) = consumption of goods and services (trillions of 2005
U.S. dollars)

E, ,(t) = emissions of carbon from land use (billions of met-
ric tons of carbon per period)
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*E, ,(t) = industrial carbon emissions (billions of metric tons
of carbon per period)

*E(t) = total carbon emissions (billions of metric tons of car-
bon per period)

*F(t), F,(t) = total and exogenous radiative forcing (watts
per square meter from 1900)

*I(t) = investment (trillions of 2005 U.S. dollars)
*K(t) = capital stock (trillions of 2005 U.S. dollars)
L(t) = population and labor inputs (millions)

*M, (1), M,(t), M, () = mass of carbon in reservoir for at-
mosphere, upper oceans, and lower oceans (billions of metric
tons of carbon, beginning of period)

*Q(t) = net output of goods and services, net of abatement
and damages (trillions of 2005 U.S. dollars)

t = time (decades from 2001-2010, 2011-2020, . ..)

*T (1), T, (t) = global mean surface temperature and tem-
perature of lower oceans (°C increase from 1900)

*Ulc(t), L(t)] = instantaneous utility function (utility per
period)

*W = objective function in present value of utility (utility
units)

*A (t) = abatement-cost function (abatement costs as fraction
of world output)

*w(t) = emissions-control rate (fraction of uncontrolled
emissions)

*()(t) = damage function (climate damages as fraction of
world output)

e



35225 u0l.gxd 2/20/08 5:36 PM Page 208 $

208 Appendix
*@(t) = participation rate (fraction of emissions included in
policy)

*ar(t) = participation cost markup (abatement cost with in-
complete participation as fraction of abatement cost with
complete participation)

*o(t) = ratio of uncontrolled industrial emissions to output
(metric tons of carbon per output in 2005 prices)

Parameters

a = elasticity of marginal utility of consumption (pure number)

CCum = maximum consumption of fossil fuels (billions of
metric tons of carbon)

v = elasticity of output with respect to capita (pure number)
0, = rate of depreciation of capital (per period)
R(t) = social time preference discount factor (per time period)

Tmax = length of estimate period for model (60 periods = 600
years)

1 = temperature-forcing parameter (°C per watts per meter
squared)

b, Dy Dy Dyps by Dy @y, = parameters of the carbon
cycle (flows per period)

i, ¥, = parameters of damage function
p = pure rate of social time preference (per year)

6,(t), 6, = parameters of the abatement-cost function
&, &, &, &,=parameters of climate equations (flows per
period)

e
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Note on Time Period

The current model runs on 10-year time-steps. Variables are
generally defined as flow per year, but some variables are in
flow per decade. The transition parameters are generally de-
fined per decade. Users should check the GAMS program to
determine the exact definition of the time-steps.
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Notes

Introduction

1. The earlier versions were published in a series of studies and books.
The central descriptions were Nordhaus 1979, Nordhaus and Yohe 1983,
Nordhaus 1994, and Nordhaus and Boyer 2000.

Chapter 11
Background and Description of the DICE Model

1. Extensive discussions on this subject are contained in reports by
the IPCC, especially IPCC 2007b.

2. See European Commission 2006 and Klepner and Peterson 2005.
For analysis of the structure and effects, see Ellerman and Buchner 2007,
Convery and Redmond 2007, and Kruger, Oates, and Pizer 2007.

3. This was projected in early studies by Nordhaus and Boyer 1999,
Nordhaus 2001, Manne and Richels 1999, and MacCracken et al. 1999. The
same basic results have been confirmed in this book, as discussed in Chap-
ter 5.

4. For reference purposes, this study uses the DICE-2007.delta.v8 ver-
sion. Details on the revisions, with sources and methods, are provided in
a document available at http://www.econ.yale.edu/~nordhaus/homepage/
DICE2007.htm.
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Chapter IIT
Derivation of the Equations of the DICE-2007 Model

1. United Nations, Department of Social and Economic Affairs 2004
shows the U.N. series, while the new ITASA projections were made available
by Lutz 2007.

2. International Monetary Fund 2006. We apply a downward adjust-
ment of 35 percent for China to reflect the likelihood that the Chinese PPP
GDP is overestimated.

3. The basic description of the damages model is in Nordhaus and
Boyer 2000.

4. The abatement-cost function is calibrated to a survey of estimates
of abatement-cost functions, as well as estimates made by the MiniCam
(Edmonds 2007). See the discussion later in this chapter for a further
description.

5. MAGICC 2007. According to results reported in IPCC 2007b,
p. 809, the estimated temperature sensitivity of the MAGICC model with the
standard carbon cycle is slightly higher than the mean for the Atmosphere-
Ocean General Circulation Models (AOGCMs) for all the SRES scenarios.
For the A2 scenario, for example, the reported global temperature increase
in 2090 to 2099 relative to the 1980 to 1999 average is about 0.2°C higher for
MAGICC than the mean for the AOGCMs. It is unclear, however, whether
the software available for this book corresponds exactly to that used for the
IPCC calculations.

6. MAGICC 2007. For details on the calibration, see “Accompanying
Notes and Documentation on Development of DICE-2007 Model” (Nord-
haus 2007a).

7. See Brooke et al. 2005.

8. Details on the revisions with sources and methods are contained in
“Accompanying Notes and Documentation on Development of DICE-2007
Model” (Nordhaus 2007a).

9. A full discussion of the issues involved in the use of purchasing-
power-parity versus market exchange rates is contained in Nordhaus 2007b.

10. See IPCC 2001b for the IPCC study. I am grateful to Jeff Sachs for
pointing out this problem, and to Jae Edmonds and John Weyant for assis-
tance in calibrating the new function.

11. IPCC 1996.

12. Manne and Richels 1992, Nordhaus and Popp 1997, Nordhaus
and Boyer 2000, Nordhaus 1994, Peck and Teisberg 1993, Hope 2006, and
Webster 2002.
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Chapter IV
Alternative Policies for Global Warming

1. Twenty-five periods is an arbitrary length chosen to minimize
computational problems. There is essentially no difference if the no-controls
period is 250 years or longer. For example, using a no-controls period of
350 years has an additional net present-value cost of $4 billion (0.0002 per-
cent of discounted income), and the initial value of the Hotelling rents is
identical to the fourth significant digit.

2. See United Nations 2007.

3. See Oppenheimer 1998 and Oppenheimer and Alley 2004.

4. See, for example, Keller et al. 2005.

5. For a recent discussion, see Fiissel et al. 2003, which also calculates
emissions trajectories that would keep climate safely beneath a temperature
trajectory that might trigger changes in thermohaline circulation. All runs
of DICE-2007 are well below the trigger trajectory.

6. See Wigley, Richels, and Edmonds 1996.

7. The analysis of participation is contained in Chapter 6.

8. See the articles in Weyant and Hill 1999.

9. See Stern 2007, as well as Cline 1992.

10. This was widely reported, for example, in Congressional Quar-
terly 2007.

11. Gore 2007.

12. National Academy of Sciences 1992, p. 460. The National Acad-
emy report describes a number of options that provide the theoretical
capability of unlimited offsets to the radiative effects of GHGs at a cost of
less than $1 per ton of carbon (see National Academy of Sciences 1992,
chap. 28).

13. An excellent survey is contained in Keith 2000. An advocacy doc-
ument is contained in Teller, Wood, and Hyde 1997. See Govindasamy,
Caldeira, and Duffy 2003 for some geophysical considerations.

Chapter V
Results of the DICE-2007 Model Runs

1. See the articles in Weyant and Hill 1999.

2. “Peer-reviewed estimates of the SCC for 2005 have an average
value of US $43 per tonne of carbon (tC) (i.e., US $12 per tonne of carbon
dioxide) but the range around, this mean is large. For example, in a survey

e
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of 100 estimates, the values ran from US $ —10 per tonne of carbon (US
$ —3 per tonne of carbon dioxide) up to US $350/tC (US $95 per tonne of
carbon dioxide).” See IPCC 2007a, p. 17.

3. The modeling runs assume that emissions reductions occur ac-
cording to the Kyoto Protocol in 2008-2010. The specific plans analyzed are
assumed to begin in the second full model period, 2011-2020.

4. This simplified version was derived in Nordhaus 1991, equation
(9). This approximation is just that because the shortcut derivation makes
many simplifying assumptions.

Chapter VI
The Economics of Participation

1. Although the DICE-model functional form for abatement costs
leads to a particularly neat solution for the costs of nonparticipation,
the key assumption is actually the separation into harmonized participating
and nonparticipating regions. Even if the functional form were not log-
linear, as is assumed and seen in the text, the basic relationship would be
similar and would depend on the average degree of convexity in the relevant
range if the separation of countries and industries is as assumed.

2. Many disaggregated models have compared the cost of incomplete
participation to global trading of the kind summarized here. Estimates are
generally in the range of 2.1 to 4.1 times the cost of complete participation,
depending upon the model, disaggregation, and time horizon. See Weyant
and Hill 1999 for a discussion.

3. This approach was independently and previously suggested to me
by Robert Stavins, and a discussion is contained in Aldy, Barrett, and
Stavins 2003. The Bush proposal is presented in White House 2007. The
Bush initiative is described as follows: “The proposal seeks to bring together
the world’s top greenhouse gas emitters and energy consumers. In creating a
new framework, the major emitters will work together to develop a long-
term global goal to reduce greenhouse gases. Each country will work to
achieve this emissions goal by establishing its own ambitious mid-term
national targets and programs, based on national circumstances. They will
ensure advancement towards the global goal with a review process that as-
sesses each country’s performances.” This was described by Jim Con-
naughton, chairman of the Council on Environmental Quality, as “a
long-term aspirational goal.”
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Chapter VII
Dealing with Uncertainty in Climate-Change Policy

1. This result about the relationship between the expected-value and
the best-guess results differs from many earlier studies. The major reason is
that a nonlinearity is found in similar studies but not in this book because
earlier studies often include uncertainty about interest rates or the rate of
time preference. In the author’s view, these are inappropriate uncertain vari-
ables in this context because they are either endogenous (for interest rates) or
a taste variable (for time preference) rather than an uncertainty about tech-
nology or nature. In the uncertainty runs presented here, there is consider-
able uncertainty about the long-run real interest rate on goods, reflecting
uncertainty about the growth in per capita consumption, so the determi-
nants of the uncertainty about interest rates are already implicitly included.
Uncertainty about preferences is a different matter. There is no obvious in-
terpretation of uncertainty about preferences such as the time discount rate,
and it is for this reason that uncertainty about preferences is excluded. To
include uncertainty about tastes in a decision-theoretic framework would
require some kind of metataste that evaluates the different taste outcomes.

2. See Merton 1969.

3. See National Research Council, Committee on Abrupt Climate
Change 2002 for a review of the science and the societal implications.

4. TPCC 2007Db, p. 752.

5. Ibid., chap. 6.

6. See “Polar Science” 2007 for a review of the major findings. See
particularly the review in Shepherd and Wingham 2007.

7.IPCC 2007Db, p. 776.

8. Ibid., p. 777.

9. See Tol 2003.

10. See Weitzman 2007a.

11. A skeptical review of Weitzman’s results is contained in Nordhaus
2007c.

Chapter VIII
The Many Advantages of Carbon Taxes
This chapter is a revised version of Nordhaus 2007e.
1. This distinction is drastically simplified. For a nuanced discussion

that includes variants and hybrids, see Aldy, Barrett, and Stavins 2003 and
the many references and proposals therein.

e
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2. See Cooper 1998, Pizer 1998, Victor 2001, and Aldy, Barrett, and
Stavins 2003.

3. See McKibbin and Wilcoxen 2002 and Aldy, Barrett, and Stavins
2003.

4. See Pizer 1999, as well as Hoel and Karp 2001.

5. See Goulder, Parry, and Burtraw 1997 and Goulder and Bovenberg
1996.

6. See Sachs and Warner 1995 and Torvik 2002.

7. See the pioneering study on ecological taxes in Weizsdcker and
Jesinghaus 1992.

8. From a technical point of view, the hybrid plan sketched here is a
special case of a nonlinear environmental tax, in which the tax is a function
of economic or environmental variables.

Chapter IX
An Alternative Perspective: The Stern Review

This chapter is a revised version of Nordhaus 2007d.

1. The printed version is Stern 2007. Also, see the electronic edition
provided in the references at UK Treasury 2006. It is assumed that the
printed version is the report of record, and all citations are to the printed
version. The printed version contains a “Postscript” that is in part a re-
sponse to early critics, including a response to the November 17, 2006, draft
of this review.

2. Stern 2007, p. xv.

3. This strategy is a hallmark of virtually every study of intertemporal
efficiency in climate-change policy. It was one of the major conclusions in a
review of integrated assessment models: “Perhaps the most surprising result
is the consensus that given calibrated interest rates and low future economic
growth, modest controls are generally optimal” (Kelly and Kolstad 1999).
This result has been found in all five generations of the Yale/DICE/RICE
global-warming models developed over the 19752007 period. For an illus-
tration of the ramp, see Figures 5-4 and 5-5.

4. For a recent warning, see Hansen et al. 2006.

5. An early precursor of the Stern Review is the study by Cline (1992).
Cline’s analysis of discounting was virtually identical to that in the Stern
Review.

6. A large body of commentary on the Stern Review has been pub-
lished. A critical discussion of key assumptions is provided in Tol and Yohe

e
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2006 and Mendelsohn 2006. A particularly useful discussion of discounting
issues is contained in Dasgupta 2006. An analysis that focuses on the ex-
treme findings of the Stern Review is Seo 2007. A discussion of ethics is in
Beckerman and Hepburn 2007. A sensitivity analysis of the ethical parame-
ters with much the same message as this chapter is Mityakov 2007. A wide-
ranging attack on various elements is contained in Carter et al. 2006 and
Byatt et al. 2006. Insurance issues and discounting are discussed in Gollier
2006 and Weitzman 2007b.

7. UK Treasury 2006.

8. UK Joint Intelligence Committee 2002.

9. Stern 2007, p. 530.

10. Arrow et al. 1996.

11. Many of the issues involved in discounting, particularly relating
to climate change, are discussed in the different studies in Portney and
Weyant 1999. A useful summary is contained in Arrow et al. 1996. A discus-
sion of the philosophical aspects of Ramsey’s approach is contained in Das-
gupta 2005.

12. See Ramsey 1928, Koopmans 1965, and Cass 1965. Most ad-
vanced textbooks in macroeconomics develop this model in depth.

13. Stern 2007, p. 60.

14. The phrase is due to Sen and Williams 1982, p. 16, in which they
describe Government House utilitarianism as “social arrangements under
which a utilitarian elite controls a society in which the majority may not it-
self share those beliefs.” Dasgupta (2005) discusses Government House
ethics in the context of discounting.

15. Koopmans 1965. Zero discounting leads to deep mathematical
problems such as nonconvergence of the objective function and incom-
pleteness of the functional.

16. Many of the concerns in the following paragraphs are discussed in
the attacks and defenses of utilitarianism in Sen and Williams 1982.

17. This is the spirit of the study of Phelps and Pollak (1968).

18. The interpretation of the divergence between the rate of return on
capital and the risk-free rate raises an issue in this context. If we assume that
this gap is determined in markets as a systematic premium on risky assets,
then we need to investigate the risk characteristics of investments in climate
change. The discussion here assumes that climatic investments share the
risk properties of other capital investments. If they were shown to have
more or less systematic risk, then the risk premium on climatic investments
would need to be appropriately adjusted. This question is addressed in
Chapter 7 on the risk properties of high-climate change scenarios.

e
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19. The discussion of the consumption elasticity is contained in the
appendix to chapter 2 of the Stern Review (Stern 2007). Note as well that
since the consumption elasticity is a parameter that reflects social choices
about consumption inequality across generations, it cannot automatically
be derived from individual preferences or risk aversion.

20. This point was emphasized by Dasgupta (2006).

21. Stern 2007, figure 6.5d, pp. 178 and 177.

22. Ibid., box 6.3, pp. 183-185.

23. A simplified derivation of this result is as follows. For this deriva-
tion, assume that the rate of growth of consumption is constant at g, that
population is constant, that initial consumption is C(0), and that the Ram-
sey equation holds with the Stern Review’s parameters. In this case, the
growth corrected discount rate is = r — g = 0.001 per year. The wrinkle as-
sumes that there are damages equal to a constant fraction A = 0.001 of con-
sumption starting 200 years in the future. Using linear utility, the present
value of the damages from the wrinkle is

[AC(H)etdr=XC(0)e~ /6 =X C(0)0.818/.001=0.818 C(0).
200

For linear utility, the wrinkle has a present value of 81.8 percent of
one year’s current consumption. The number in the text is lower because of
the curvature of the utility function.

24. Stern 2007, p. 344 ($85 per ton of carbon dioxide and in 2000
prices).

25. Hope 2006.

26. Mityakov 2007.

Chapter X
Summary and Conclusions

1. IPCC 2007b, p.13.
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