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Integrated Assessment Models

of Climate Change
William Nordhaus

Many areas of the natural and
social sciences involve complex
systems that link multiple areas
and disciplines. This is particu-
larly true for the science, econom-
ics, and policy of climate change,
which involve a wide variety of
fields from atmospheric chemistry
to game theory.! As understand-
ing progresses across the differ-
ent fronts, it is increasingly neces-
sary to link the different areas to
develop models and policies that
reflect the complex interactions.
A full analysis would reflect that
economic activity drives emissions,
which affect atmospheric concen-
trations, thence climate and the
hydrological cycle, which in turn
affect human and natural systems,
which ultimately contribute to the
determination of climate policies.

Integrated assessment analyses
and models play a key role in put-
ting the pieces together. Integrated
assessment models (IAMs) can be
defined as approaches that inte-
grate knowledge from two or more
domains into a single framework.
These are sometimes theoreti-
cal but are increasingly comput-
erized, empirical, dynamic, non-
linear models of varying levels of
complexity.

The challenge of coping with
global warming is particularly
daunting, because it spans many
disciplines and parts of society.
Ecologists may see it as a threat to
ecosystems, marine biologists as a
problem leading to ocean acidifi-
cation, and coastal communities as
a lottery with intense hurricanes,
while ski resorts may view it as
a mortal danger to their already
short seasons. It also poses a chal-

lenge to natural and social scien-
tists, who must incorporate a wide
variety of geophysical, economic,
and political disciplines into their
diagnoses and prescriptions.

Integrated assessment mod-
els of climate change grew organi-
cally from energy models. One of
the carliest careful comparisons of
energy models was the Modeling
Resource Group (MRG) analysis of
the 1970s.2 This project, chaired
by Nobel Prize-winning economist
Tjalling Koopmans, analyzed sev-
eral energy models that projected
energy demands and technologies
over a long time horizon. The ear-
lier work of Koopmans on the lin-
ear programming approach to pro-
duction, as well as the Samuelson
principle of “markets as maximiza-
tion,” formed the intellectual core
of much of the energy modeling
starting at that time and proceed-
ing to the present.?

The first IAMs in climate
change were basically energy models
with an emissions model included,
and later with other modules such
as a carbon cycle model and a small
climate model. My early approaches
were partial equilibrium energy
models with exogenous output.
A. S. Manne’s model, the first to
imbed an energy system in a full
economic-growth model, was an
important landmark.5 The earliest
versions of my models adopted a
growth-theoretic framework simi-
lar to Manne’s and extended it to
geophysical variables.¢

IAMs are increasingly used in
analyses by national governments
and in international assessments.
Among the most important appli-
cations are:
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e Making projections that
have consistent inputs and out-
puts of the different components
of the system so that, for example,
the GDP projections are consistent
with the emissions projections.

e Calculating the impacts of
alternative assumptions on impor-
tant variables such as output, emis-
sions, temperature change, and
the effect of economic activity on
climate.

e Tracing the effects of alter-
native policies on all variables in a
consistent manner as well as esti-
mating the costs and benefits of
alternative strategies.

e Estimating the uncertainties
associated with alternative variables
and strategies along with the value
of research and new technologies.

There are dozens of IAMs today, a
handful of which have a track record
of at least a decade. Models range
from small ones like the DICE model
described below to enormous ones
that may have as many as a half-mil-
lion variables. Different IAMs are like
different animals in terms of com-
parative strengths and weaknesses in
tackling the various questions above.
Small comprehensive models can yield
a full cost/benefit analysis, but are
weak on regional or industrial detail.
Larger species provide great detail, but
may be unable to trace impacts and
damages, are less transparent, and are
unable to do full uncertainty analy-
ses. Some models are able to trace the
impacts of policies on land use. Others
can investigate a wide range of tech-
nologies. A few have full damage func-
tions, while others include a limited
number of technologies and engineer-
ing variables. The great diversity of
the modeling ecosystem allows most
important questions to be addressed.

The DICE and RICE
Models as Examples

The Dynamic Integrated model
of Climate and the Economy (DICE)
and Regional Integrated model of

Climate and the Economy (RICE)
models have gone through several
revisions since their initial develop-
ment around 1990. The latest pub-
lished versions are the RICE-2010
and DICE-2016R2 models. The latest
DICE model is available in GAMS,
a fine mathematical software system,
and a full description of the carlier
version is available.”

DICE is a globally aggregated
model. RICE is essentially the same,
except that output and abatement
have structures for 12 regions. This
discussion will use the term “DICE
model,” and for most modules the
analysis applies equally to the RICE
model.

The DICE model views the eco-
nomics of climate change from the
perspective of neoclassical economic
growth theory. In this approach,
economies make investments in cap-
ital, education, and technologies,
thereby reducing consumption today
in order to increase consumption in
the future. The DICE model extends
this approach by including the “natu-
ral capital” of the climate system as an
additional kind of capital stock. By
devoting output to emissions reduc-
tions, economies reduce consump-
tion today but prevent economically
harmful climate change and thereby
increase consumption possibilities in
the future.

The DICE model has 12 behav-
ioral equations, two variables to be
optimized, and several identities.
In the GAMS version, the simplest
model has about 240 lines of opera-
tional code. A run of 1,000 years takes
five seconds, so it can be used for proj-
ects with multiple states of the world
and Monte Carlo experiments.

The RICE model has the same
basic economic and geophysical struc-
ture, but contains a regional elabo-
ration. The specification of prefer-
ences in RICE is different because
it must encompass multiple regions.
The general preference function is
a Bergson-Samuelson social welfare
function over regions. The model is

specified using the Negishi approach,
in which regions are aggregated using
time- and region-specific weights sub-
ject to budget constraints.

This sketch of a pair of [AMs in
the DICE and RICE models makes it
clear that they are highly simplified
representations of complex economic
and geophysical realities — what
might be called geo-macroeconomics.
While small and comprehensive mod-
els have many advantages, they also
have major shortcomings because of
their simplifications.

A useful analogy here is to return
to the animal kingdom. Each model is
like an animal that has its fruitful niche
in the analytical ecosystem. Small mod-
els can be fleet and can adapt easily to
a changing environment or new data,
while large models take many years to
mature but are able to handle much
larger and more complex tasks.

Illustrative Results

Here are some representative results
using the DICE model. These results
are from the most recent version of the
model DICE-2016R2.8 One applica-
tion is to compare the economic and
climate trajectories associated with dif-
ferent policy approaches. Here are four
different policy options:

Baseline: No climate-change poli-
cies are adopted.

Optimal: Climate-change policies
maximize economic welfare, with full
participation by all nations starting in
2020.

Temperature-limited: The optimal
policies are undertaken subject to a
further constraint that global tempera-
ture does not exceed 2.5 °C above the
1900 average. (The international goal
of 2 °C is not feasible with current
DICE estimates without technologies
that allow negative emissions by mid-
21st century.)

Stern discounting: These are results
associated with an extremely low dis-
count rate as advocated by The Stern
Review on the Economics of Climate

Change.?
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Projected CO, Emissions in Different Scenarios
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Figure 1

Temperature Change in Different Scenarios
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Figure 2

Carbon Prices in Different Scenarios
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Figure 3

Figures 1-3 show outcomes associated with the four
policy options. A few key results emerge. First, emissions
differ sharply, with major cuts in emissions in cases with
ambitious policies. Second, the temperature in the uncon-
trolled scenario continues to rise sharply over the current
century.

Figure 3 is the outcome that is generated uniquely by
IAMs: the carbon prices associated with each policy. This
is a concept that measures the marginal costs of reductions
of emissions of greenhouse gases. In a market environment
such as a cap-and-trade regime, the carbon prices would be
the trading price of carbon emission permits. In a carbon-
tax regime, they would be the harmonized carbon tax among
participating regions. Carbon prices in the baseline scenario
are the current average prices in world markets, roughly $2
per ton of COz. Prices under the optimal and temperature-
limited scenarios at first rise to $35 and $229 per ton of
COz, respectively, by 2020. The carbon prices associated
with the low-discounting scenario are close to those of the
temperature-limited policy.

The carbon price is closely linked to an important pol-
icy instrument, the social cost of carbon, or SCC. This con-
cept represents the economic cost of an additional ton of
carbon dioxide emissions (or, more succinctly, carbon) or its
equivalent. The advantage of IAMs is that they can calculate
the shadow price of carbon emissions along a reference path
of output, emissions, and climate change. In an optimized
climate policy, abstracting away from distortions, the social
cost of carbon will equal the carbon price or the carbon tax.

Estimates of the SCC are a critical ingredient in cli-
mate-change policy. They provide policymakers a guidepost
to aim for if they are seeking an economically efficient pol-
icy for carbon pricing. Another application is for rulemak-
ing where countries do not have comprehensive policies cov-
ering all greenhouse gases. In this context, regulators might
use the SCC in a calculation of social costs and benefits of
policies involving energy or climate-affecting decisions. For
example, the US. government has undertaken rulemaking
proceedings to determine the SCC for use in such areas as
subsidies for the installation of low-carbon energy sources,
regulations requiring energy efficiency standards in build-
ings and motor vehicles, and for power plants. Current regu-
lations using the SCC have more than $1 trillion in benefits,
according to the U.S. Environmental Protection Agency.!?

Estimates of the SCC vary by model and approach.
Table 1, on the following page, shows estimates from the
most recent DICE model. Two points emerge here. The
first is the critical importance of discounting. Looking at
2020, the SCC ranges from $22 to $133 per ton of COz2 as
the real discount rate ranges from 2.5 to 5 percent per year.
Second, the SCC is extremely high — around $200 per ton
of CO2 — for damage functions that would justify the tem-
perature-limited objective (2 °C) that has been adopted at
international meetings in Copenhagen and Paris.
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economic  impacts.
Social Cost of Carbon (2010 U.S. Dollars / Ton of CO,) Take the “simple”
example of tropical
Scenario 2015 2020 2025 2030 2050 cyclones — hurricanes
in the United States.
Base parameters . h . . Cl
Baseline 30.0 35.7 423 495 98.3 Basic physics indicates
Optimal controls 29.5 35.3 41.8 49.2 99.6 that a warmer ocean
is likely to increase
2.5 degree maximum the intensity Of hurri-
Maximum 1841 2290 = 2840 3510  1,008.4 canes; more precisely;
Max. for 50 years 1472 1832 = 2272 = 2804 6156 ’ . e
the probability distri-
o Rovion discount bution of damage from
ern Review daiscounting . . .
Uncalibrated 2565  299.6  340.7  38L7 = 6155 wind .speecl will shift to
the right. IAMs need
Alternative discount rates FO lntegr ate this ﬁnc,l-
2.5% 1111 1334 = 1487 = 1623 = 2426 ing with economic
3% 71.6 85.3 94.4 104.0 161.7 impacts. A major sur-
4% 34.0 39.6 445 49.8 82.1 . £ h b
5% 189 217 24.8 28.1 48.4 prise of research here
was that the economic
impacts of hurricanes
Source: W.D. Nordhaus, NBER Working Paper No. 22933 .
are a high-power func-
tion of maximum wind

Table 1

Calibration in IAMs

IAMs belong to a class of models, both
in economics and more generally in applied
sciences, that rely on calibration rather than
econometric estimation. Calibration involves

speed; normalized by

economic  variables

such as local capital, damage is estimated
to be wind speed to the ninth power.!!

But that is only a small slice of damage.

To construct damage functions, research-

ers need to aggregate across sectors, regions,

levels of development, and climate change

tant feature of damage studies is that they
are generally limited to global temperature
increases of up to 3 °C, with the upper limits
shown in Figure 2 not well-studied.

A difficulty in assessing IAMs is the
inability to use standard statistical tests
because of the lack of a probabilistic struc-
ture. One concern, alluded to above, is
the major uncertainties associated with
the results of IAMs. The uncertainties are
particularly pronounced because of the
long time periods —literally hundreds
of years— required for estimates of opti-
mal policies and the SCC. A recent study
using the DICE-2016R2 model examined
the uncertainties of major outcomes from
parametric uncertainty of five major vari-
ables: equilibrium temperature sensitivity,
productivity growth, the damage function,
the carbon cycle, and the rate of decarbon-
ization. Table 2, on the following page,
shows the results. The best guess is the stan-
dard DICE model where parameters are
set at their expected values, while the oth-
ers are the distribution of outcomes. For
the important SCC calculation, the mean
value with full uncertainty is about 15 per-
cent above the best guess. The change in
temperature for 2100 is only slightly higher
than the best guess. On the other hand,

determination of system param-
eters and behavior using external
evidence rather than statistical

systems estimation. Calibration 5
gained widespread use with the
introduction of computable gen- 0 o

eral equilibrium models, of which
DICE and RICE are examples,

and more recently with real busi- |
ness cycle models. Outside eco-

nomics, important examples of | 15
calibrated models are carth-sys-

tem models such as the familiar | *° o

climate models, transportation
models, and engineering stud-
ies. Generally, while estimation is

Damage and Temperature Estimates from Major Studies

Estimated damage (percentage of global output)

o
[eleXe} o o
€G3

O

o

2 4 6 8
Temperature increase (°C)

Area of the circles represents weights assigned to each study
Source: W.D. Nordhaus and A. Moffat, NBER Working Paper No. 23646

output is much higher because of
the large estimated uncertainty of
productivity growth.

Another approach to esti-
mating uncertainty, illustrative
rather than statistical, is to exam-
ine model revisions. For this pur-
e pose, I looked at revisions of the
DICE model over its quarter-
century history. The study found
that the major revisions have
come primarily from economic
10 aspects of the model, whereas the
revisions to environmental mod-
ules have been much smaller.
Particularly sharp revisions have

desirable, calibration is necessary
when the model reaches a certain complexity
or when there are no relevant data to use for
estimation. Both of these are true for IAMs
of future climate change.

As an example, one of the most con-
troversial aspects of IAMs is the damage
function, which relates climate change to

Figure 4
scenarios. This has proven the most difficult
part of IAMs. In aggregate models, damage
is often represented as a quadratic function
of global mean temperature. Andrew Moffat
and I recently did a systematic review of
damage estimates; Figure 4 summarizes the
findings of different studies.”> One impor-

occurred for global output, dam-
ages, and the social cost of carbon. These
results indicate that the economic projec-
tions are the least precise parts of IAMs
and deserve much greater study than has
been the case up to now, especially careful

studies of economic growth prospects to
2100 and beyond.!3
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Conclusion

IAMs are important tools for under-
standing the implications and policy aspects
of climate change. They have fundamentally
transformed the way economists and envi-
ronmentalists approach climate policy, shift-
ing from a pure engineering approach — “do
this and don’t do that” — to approaches like
cap-and-trade or carbon taxes that empha-
size market mechanisms.

As hurricanes Harvey and Irma remind
us, the impacts of weather events can be
extremely large. So climate change is likely
to continue growing as an economic prob-
lem. Improving integrated assessment mod-
els is therefore an important research area for
economists — full of puzzles, challenges, and
policy applications.
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