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INTRODUCTION

Please state your name, title, and business address.

Dr. Stephen Polasky, Regents Professor and Fesler-Lampert Professor of
Ecological/Environmental Economics at the University of Minnesota, Department of
Applied Economics, 337E Classroom Office Building, 1994 Buford Ave. St. Paul, MN

55108.

On whose behalf are you testifying?
| am testifying on behalf of Minnesota Center for Environmental Advocacy, Fresh
Energy, Sierra Club, and the lzaak Walton League of America — Midwest Office

(collectively the “Clean Energy Organizations”).

Please describe your education, professional and work experience.

My research and publications focus on issues at the intersection of ecology and
economics and include the impacts of land use and land management on the provision
and value of ecosystem services and natural capital, biodiversity conservation,
sustainability, environmental regulation, renewable energy, and common property
resources. | have served as Senior Staff Economist for environment and resources for the
President’s Council of Economic Advisers from 1998-1999. | serve on the Science
Advisory Board for EPA and NOAA. | serve on the Board of Directors and the Science
Council for The Nature Conservancy. | am a fellow of the Association of Environmental

and Resource Economists, the American Academy of Arts and Sciences, and the
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American Association for the Advancement of Science. | was elected into the National
Academy of Sciences in 2010. | received a Ph.D. in economics from the University of

Michigan in 1986. My curriculum vitae is attached as Schedule 1 to this testimony.

Have you previously testified before the Minnesota Public Utilities Commission?

No.

What is the purpose of your testimony?

| have been asked to provide my expert opinion on the Social Cost of Carbon (“SCC”)
and whether the value developed by the Federal Interagency Working Group (“IWG”) in
2010 and updated in 2013 is the best available and reasonable measure of SCC. To
address this question, I reviewed the process and methodology used by the IWG and |
reviewed the current scientific literature on the SCC, the IWG value for SCC, and other
damage-cost measurements for carbon dioxide (“CO,”) emissions to provide my expert
opinion. I conclude that the IWG value for SCC is a reasonable and the best available
measure for the Minnesota Public Utilities Commission (“PUC” or “Commission”) to use

in its proceedings.

Did anyone assist you to prepare this testimony?
Yes. Andrew Goodkind, a postdoctorate fellow at the University of Minnesota, assisted
with the research and preparation of this testimony, but the opinions and recommendation

are my own.
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INTRODUCTION TO THE SOCIAL COST OF CARBON

Minnesota law requires the Minnesota Public Utilities Commission to establish a
range of values representing the environmental costs of electricity production.
Please briefly explain how CO, emissions contribute to the environmental costs of
electricity production.
The overwhelming majority of peer-reviewed articles on climate change and of scientists
agree that emissions of CO; and other greenhouse gases have a warming effect on the
planet and that the evidence is sufficiently strong to justify policy action. This view has
been endorsed by Intergovernmental Panel on Climate Change (“IPCC”) and by a joint
statement of the National Academies of Science of the United States, Brazil, Canada,
China, France, Germany, India, Italy, Japan, Russia, and the United Kingdom. Here I will
focus exclusively on CO, emissions as this is the greenhouse gas most relevant for
electric power generation. Increased temperatures from CO, emissions are predicted to
have adverse impacts to humans and the environment. Climate change will likely result in
sea-level rise, displacing populations living in low-lying coastal areas, increased severity
and length of heat waves with impacts on human health and agricultural productivity,
changes in precipitation patterns with effects on agriculture and water supplies, changes
in storm frequency and severity, among other impacts.

Various sectors of the economy contribute to CO, emissions, but the largest
contributing sector is the electric utility sector. In the U.S., 37 percent of CO, emissions
are from electricity generation. The damage caused by CO, emissions is therefore a major

component of the environmental costs of electricity production.
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What is the Social Cost of Carbon?
The “social cost of carbon” is defined as the present value of damage measured in dollar
terms associated with the emission of a unit of CO; to the atmosphere. SCC is usually
reported in terms of damages from the emission of a metric ton of CO,. CO, emissions
lead to increased atmospheric concentration of greenhouse gases and more intense
climate change, which leads to a variety of impacts that impose costs. The value of the
SCC depends on a number of factors including the concentration of greenhouse gases
already in the atmosphere, the predicted rate of additional emissions, the resulting
increase in temperature due to changes in CO, concentration, the damage caused by the
temperature increases, and the discount rate, among others. The value of SCC will change
through time as greenhouse gas concentrations change or there are changes in other
factors such as the discount rate.
The concept of using the SCC in utility planning is not new. The Commission’s
current range of CO, externality costs are a type of SCC. The Commission established an

estimate of an SCC in 1997 to comply with Minnesota law, but the current values need to

be updated to reflect current scientific understanding and current conditions.

What is the purpose of an SCC value?

Rational decision-making should take account of all costs and benefits and not just those
that are currently valued via the market. Using a value for the SCC in utility planning is
an essential component in rational economic decision-making for electricity generation
investments. Emissions of CO, from the production of electricity cause damage from

impacts of climate change. Damages from climate change are not currently incorporated
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into the price paid for electricity. As a result, costs of future harm are “externalized,” i.e.,
borne, not by the activity that is causing the harm, but by society in general. External
costs such as this are a basic form of market failure and lead to inefficient decisions. If
these costs are not included in planning, then investments may result in choices of
electricity generation that impose larger costs on society than are necessary. Including
SCC and other forms of external cost in electricity generation investment decisions
allows choices of alternatives that are truly the least cost methods of electricity
generation; the Minnesota Legislature determined that considering these costs is

appropriate and authorized the Commission to set the proper range of values.

Is there only one SCC?

No. There are different models used to estimate SCC with different assumptions and
projections, leading to different estimates. My testimony concerns estimates of the SCC
developed by the federal government’s IWG, referred to herein as the federal SCC.

The goal of the IWG was to bring together a group of experts to evaluate the
different climate change models and produce estimates of the SCC using the best
available science on the topic. The development of the federal SCC is more fully
described in the Technical Support Documents issued in February 2010 and May 2013
attached to this testimony as Schedules 2 and 3, respectively. The IWG’s SCC was
developed “to allow agencies to incorporate the social benefits of reducing CO,

emissions into cost-benefit analyses of regulatory actions.” Doing so allows decision

1 Schedule 3 at 2.
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makers to consider the full costs and benefits of different policy choices that affect the

emissions of carbon.

What is the Interagency Working Group?

The IWG is a collection of experts across agencies of the U.S. Federal government
brought together to produce a consistent approach to valuing the benefits of CO,
emission reductions for federal cost/benefit analysis. The IWG was convened by the
Council of Economic Advisors and the Office of Management and Budget, and included
participation from the EPA, and Departments of Agriculture, Commerce, Energy,

Transportation, and Treasury.

Describe the process used by the IWG in producing the federal SCC.
The federal SCC developed by the IWG was derived from averaging the results from
three integrated economic-climate models designed to place a value on the societal
damage from climate change. These models are known as Integrated Assessment Models
(“IAMSs”). The IWG was granted access to the three most prominent and commonly cited
IAMs (the same three used by the IPCC) and applied a range of defensible input
parameters and assumptions to run each model. Each model was run many times using
the range of inputs agreed upon by the IWG. The results from the three IAMs were then
averaged and a range of discount rates was applied to the results to create a schedule of
the federal SCC values.

The IWG’s process for developing the federal SCC was evaluated by the U.S.

Government Accountability Office (“GAO”) based on a U.S. Congressional request. The
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GAO report (attached to this testimony as Schedule 4) determined that the process

reflected the following three principles:

e “[T]he working group used a consensus-based approach for making key decisions on
developing the social cost of carbon estimates.”

e “[T]he working group relied largely on existing academic literature and models to
develop its estimates.”

e “The Technical Support Document discusses several limitations of its estimates and
areas that the working group identified as being in particular need of additional
exploration and research.”

1. INTEGRATED ASSESMENT MODELS
Q. Please describe the three models from which the IWG derived the federal SCC.
A. The three IAMs used by the IWG are the DICE, FUND and PAGE models.

The DICE (Dynamic Integrated Climate and Economy) model
[developed] by William Nordhaus evolved from a series of energy
models and was first presented in 1990. The PAGE (Policy
Analysis of the Greenhouse Effect) model was developed by Chris
Hope in 1991 for use by European decision-makers in assessing
the marginal impact of carbon emissions. The FUND (Climate
Framework for Uncertainty, Negotiation, and Distribution) model
was developed by Richard Tol in the early 1990s, originally to
study international capital transfers in climate policy. All three
models are now widely used to study climate impacts.®

Each model uses the same basic steps but employs somewhat different methods and
simplifying assumptions to link the change in CO, emissions with economic damages.
The basic steps used in all three are:

1. Project future emissions of CO;
2. Determine how changes in CO, concentrations will change global temperatures; and

2 Schedule 4 at 12.

*1d. at 13.

“1d. at 17.

®> Schedule 2 at 5 n. 2 (citations omitted).
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3. Evaluate the monetary damages from changes in global temperatures using a damage
function.

Each of these steps, and the inputs and assumptions underlying each step, is discussed

more fully below.

How did the IWG deal with the inputs and assumptions for the models?

The IWG wanted to respect the choices made by the developers of each model, but also
wanted to be able to compare the results across models. Each model requires baseline
assumptions for key parameter values as input into the model. The numbers used for
these inputs will affect the ultimate SCC value calculated by the model.

The IWG chose to use a consistent set of inputs for three of the main baseline
assumptions. In order to do this, the IWG had to make changes to the inputs used by the
model creators. The three sets of inputs for which changes were made to ensure
consistency across the models were:

e Global projections of CO, emissions;
e Equilibrium climate sensitivity; and

e Discount rates.
For each of these inputs, the IWG selected a range of values rather than just one value. A
range of values was used to account for uncertainty that exists about these inputs.

The remaining modeling decisions developed by the creators of each of the
models, most notably the damage function that relates temperature changes with

monetary damages, were left unchanged and generally differ across the different models.
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Please describe the global projections of CO, emissions and how this input is used in
the IAMs.
To calculate the SCC in the IAMs it is necessary to project quantities of emissions of CO,
far into the future. These emissions determine the atmospheric concentration of CO5,
which in turn determines the rise in global mean temperature and the amount of damage
from additional emissions of CO,. There is an association between CO, emissions,
population, and GDP. Larger and richer populations are associated with more CO,
emissions.

The IWG selected five separate emissions projections based on different
assumptions about increases in population, GDP, and the relationship between
population, GDP, and CO, emissions. GDP predictions are based on the size of the global
economy before accounting for any damages from climate change. In the projections
used by the IWG, global population is expected to increase from approximately 7 billion
today to between 8.7 and 10.4 billion by 2100. The GDP projections predict that the
global economy will grow from approximately $50 trillion today to between $268 and
$397 trillion in 2100. Across the five projections CO, emissions vary substantially.
Starting from current emissions of approximately 31 gigatons of CO, per year, the

highest projection estimates an increase to 118 gigatons of CO, per year by 2100, while

the lowest projection estimates a decrease to 13 gigatons of CO; per year by 2100.

What is “equilibrium climate sensitivity”?
Equilibrium climate sensitivity is defined as the increase in mean global temperature

from a doubling of CO, concentrations relative to pre-industrial times. This input is used
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to determine how changes in CO, concentrations will change mean global temperatures.
There is uncertainty regarding how much the global temperature will increase from

greater CO, concentrations. The IWG therefore applied a probability distribution for this
parameter that matched the range of estimates used by the IPCC. A distribution accounts

for the possibility that increased CO, concentrations will have a smaller or larger impact

on global temperatures than the mean expected value.

What is a “discount rate”?

Part of the final step in each IAM—calculating the monetary damages from the effects of
climate change—involves the application of a discount rate. Emissions of CO, remain in
the atmosphere for a long period of time, causing increases in atmospheric concentrations
of CO, and damages well into the future. The discount rate is a key parameter that is used
to aggregate damages that occur at different times into a single measure of the “present
value” of damages. Present value represents the sum of values across all time periods
measured in current dollar terms, i.e., the equivalent value if all values were realized in
the current time period.

A discount rate is applied in business investment decisions and by individuals in
their savings decisions. By saving and investing in a productive asset, an investor can, on
average, earn a positive rate of return. Therefore, a dollar received today is typically
worth more than a dollar received at some point in the future.

A positive discount rate arises from positive rates of return on investment and not

from inflation. The “real” discount rate subtracts out effects from inflation in contrast to

10
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the “nominal” discount rate that includes both inflation and positive returns on

investment. In what follows, | refer to the real discount rate.

How do discount rates affect the federal SCC value?

While the principle of discounting and the application of a discount rate to future values
are well established in economics, there are disagreements among economists about the
appropriate discount rate that should be used for assessing the present value of damages
from climate change. The IWG used three discount rates to reflect a variety of opinions
and to demonstrate the differences in the estimates of the SCC that arise from differences
in the discount rate used. The three rates chosen were 2.5%, 3% and 5%. Because climate
change impacts go so far into the future, what one assumes about the discount rate
matters hugely. For example, one million dollars in damages in 100 years is valued at
$85,000 today with a discount rate of 2.5%, $52,000 with a discount rate of 3%, and only
$7,600 with a discount rate of 5%. This means that we would apply equal weight to $1
million of damages in 100 years as we would $7,600 in damages if those damages
occurred today when using a 5% discount rate. A higher discount rate generally results in

a lower SCC because it more heavily discounts future damages from climate change.

Please describe the different approaches to discount rates in the context of climate
change damages.

There are two main approaches used to justify the appropriate discount rate to use in the
context of damages from climate change. The first approach says that the discount rate

should equal the long-term market rate of return on capital. In this approach, investing in

11


John Mashey
Highlight

John Mashey
Highlight


10

11

12

13

14

15

16

17

18

19

20

PUC Docket No. E-999/CI-14-643
OAH Docket No. 80-2500-31888
Clean Energy Organizations
Exhibit
reductions in CO, emissions should be treated like other investments and subject to the
same discount rate. Failure to do so could mean taking resources away from an
investment with a higher rate of return and instead investing in climate policy with a
lower rate of return. This approach, most notably argued by William Nordhaus, the
creator of the DICE model, suggests discount rates of approximately 5 percent.

However, there is uncertainty about what returns on capital will be in the future.
Climate change itself is one source of uncertainty. Taking climate change effects on
future returns into account would argue for use of lower discount rate. In addition, Martin
Weitzman has argued that for long-term investments, such as reducing CO, emissions
where benefits continue for over 100 years, and with uncertainty about rates of return,
that the lowest possible discount rate should be used. This argument would also argue for
a discount rate that is much lower than the current rate of return on capital.

The second approach to determining the discount rate that should be used for
climate policy asserts that there is an ethical component to this decision because climate
policy affects current and future generations. As opposed to simple investment decisions,
determining how to discount environmental damage involves value judgments on the
weight that should be applied to the welfare of future generations compared to the
welfare of the current generation. Following this approach leads to much lower

recommendations for the appropriate discount rate. Nicholas Stern argues for this

approach and used a discount rate of 1.4 percent in the Stern Review.®

® See Stern, Nicholas, 2007. The Economics of Climate Change: The Stern Review. Cambridge,
UK: Cambridge University Press.
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You stated that the damage function inputs were not changed by the IWG. Please
describe these inputs and how they differ from one another among the three IAMs.
The three different IAMs use different inputs to estimate the value of damages associated
with increases in global mean temperature. The value of these damages is based on a
“damage function” that estimates the monetary costs associated with temperature changes
far into the future. The damage functions involve many inputs in order to quantify the
dollar value of the impacts that result from temperature increases. The IWG did not
change the damage functions used in the IAMs and therefore these inputs—unlike
projected carbon emissions, climate sensitivity, and discount rates—were not consistent
across the IAMs. The approach taken in the three IAMs differs in terms of what they

include in damages and in terms of parameter values used in the damage functions. In this

way, the IWG incorporated three different estimates of climate change damages.

Please describe how the three IAMs differ in their approach to determining the

monetary damage of climate change impacts.

DICE: this model uses a single function that relates temperature increases with reductions

in GDP for the global economy. The damages are not listed for separate categories, but

the function is calibrated to represent impacts to the following categories:

1. Agriculture: reduced crop yields from above-optimal temperatures and increased
probability of drought.

2. Sea-level rise: destruction of property and displacement of populations.

3. Change in energy use - increased cooling costs (and decreased heating costs).

13
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4. Human health effects: increased rates of malaria and dengue fever, and changes in
disease from pollution.
5. Non-market amenities: value of outdoor recreation.
6. Climate sensitive human settlements and ecosystems: values to avoid losses and
destruction of ecosystems and capital investments.
7. Catastrophic climate events: impact of low probability climate shifts that will have
large and difficult-to-determine impacts on humans.
FUND: this model calculates eight separate damage functions for each of 16 regions of
the world. The damage functions include several of the same categories as the DICE
model but also include impacts to forestry, water resources and extreme weather events.
PAGE: the model uses a separate damage function for economic impacts, non-economic

impacts, and catastrophic climate change impacts. Each function is then calculated for

eight regions of the world.

RESULTS

What were the estimates of the federal SCC from the IWG?

The IWG produced a set of results for the SCC in 2010 (Schedule 2) and have since
updated the estimates in 2013 (Schedule 3). The IWG ran each of the three IAMs using
the range of input values for climate sensitivity, socioeconomic projections of the future,
and the discount rate. With each model run the SCC was calculated. The results from the
three models were then averaged and presented separately for each discount rate. The

IWG reported an estimate of SCC based on the average value for each discount rate, and

14
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a fourth estimate of SCC based on the 95™ percentile value assuming a 3% discount rate.
The 95" percentile estimate represents an estimate of the SCC if higher-than-expected
impacts from temperature change occur, for example if there are high damages from
some type of catastrophic change. In 2013, the federal SCC per metric ton of CO, emitted

measured in 2007 dollars was:

o $58 (average, 2.5% discount rate)
o $38 (average, 3.0% discount rate)
o $12 (average, 5.0% discount rate)
e $109 (95" percentile, 3.0% discount rate).
To summarize, with a 3 percent discount rate the expected value of each metric ton of
CO, emitted in 2015 is estimated to cause a present value damage of $38.

The results from the IAMs indicate that damages from future emissions will be
greater than the damage caused by current emissions. Therefore, the SCC value is
different depending on when emissions occur. The IWG produced a schedule for the

SCC. For example, for emissions in 2040 the estimated SCC is:

e $87 (average, 2.5% discount rate)

o $62 (average, 3.0% discount rate)

o $21 (average, 5.0% discount rate)

e $192 (95" percentile, 3% discount rate).

How did the IWG deal with the uncertainty inherent in trying to quantify the
impact of climate change?

Uncertainty plays a major role in this process. Estimating the SCC is difficult in part

because we are attempting to predict impacts far into the future for temperature changes

15
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that are potentially outside the range of recent historical experience. The IWG dealt with
this uncertainty by using estimates from multiple integrated economic climate change
models, and using a range of parameter values for some important parameters in these
models. Although there is inherent uncertainty in predicting future damages, the IWG
SCC incorporated a variety of assumptions and methodology using the best available
information.

Uncertainty is not an excuse for inaction or for assigning a zero value for the SCC.
The strong weight of evidence favors a positive value for SCC. In the face of uncertainty,
we should proceed with the best available information. As better information becomes
available we should adjust the estimate of SCC. An SCC is needed in the decision
making process even though uncertainty makes it impossible to know with certainty the
correct value for the SCC. We know with certainty that there is a social cost of carbon
that must be internalized. Taking action now is a sort of insurance policy against the most
catastrophic damages. We, as a society, should be making decisions that avoid the
possibility of a catastrophic effect from climate change, or at least we should be making
those outcomes less likely by incorporating the SCC into decisions.

The IWG estimate of SCC summarizes the best available information and
provides a well-developed and acceptable estimate of the expected value of the future
damages from CO, emissions. The IWG estimates attempt to account for the possibility
that damages from CO, emissions will be much greater than we believe is most likely by

providing a 95" percentile estimate as well as estimates of the average SCC under several

different discount rates.
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Will the IWG update the SCC as new information becomes available?
The IWG has committed to update the estimates of the SCC and incorporate new and
better information as it becomes available: “the interagency process is committed to
updating these estimates as the science and economic understanding of climate change
and its impacts on society improves over time.”’

The IWG produced updated values of the SCC in 2013 (Schedule 3) incorporating

newer versions of the three climate change models.

Is the process used by the IWG likely to produce the best available and reasonable
estimate of SCC?

The IWG process for producing and updating estimates of value of the SCC employs well
accepted scientific methods and a transparent approach that is likely to produce the best
available and reasonable estimates of the SCC. IWG averaged estimates from the three
most reputable and widely used 1AMs and relied on the collective judgment of a group of
experts from a range of federal agencies. It has committed to regular updates to adjust the
estimates of SCC to incorporate new information as it becomes available.

Minnesota can benefit from this process by adopting the federal SCC, and in the
future by adjusting the SCC when future updates are produced by the IWG, thereby
reducing the burden on the PUC to remain up-to-date on the latest climate change
research and scientific understanding while continuing to use a reliable estimate of the

damages from CO, emissions.

" Schedule 2 at 3.
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ANALYSIS OF THE FEDERAL SCC.

Are there reasons to believe that the federal SCC is a conservative value that likely
errs on the side of underestimating the damage from climate change?

Yes. The following IWG decisions and assumptions lead to the federal SCC being a
conservative value that likely errs on the side of underestimating the damage caused by
CO, emissions:

e The IAMs do not give sufficient weight to potentially catastrophic consequences of
climate change.

e The IWG used relatively high discount rates.

e The IAMs may not adequately account for impacts of climate change on economic
growth.

e The IAMs do not include several potentially important types of damages from climate

change.

I will discuss each of these further. | do not take the position that any one of these
decisions or assumptions should be changed, but my opinion from examining the relevant
research is that there is a much greater likelihood that the estimates of the SCC from the

IWG are too low rather than too high.

Explain why you think the federal SCC does not give adequate weight to the
potential for catastrophic damages.

Potentially catastrophic outcomes play a significant role in the SCC value because if
these outcomes occur they impose very large damages. The value of the SCC depends
crucially on the probabilities of large damage events. For example, Martin Weitzman

combines a “fat-tailed” distribution of climate risk with higher probabilities of high
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temperature outcomes than used in the IAMs along with a standard economic model that
assumes constant relative risk aversion to show that the social cost of carbon can be
essentially infinitely high.® In the Weitzman model, expected losses from climate change
are extremely high because the damages with increasing temperatures rise more rapidly
than the decline in the probability of the higher temperatures occurring. Even when the
upper limit on damages is capped, researchers have found that inclusion of high-damage
low-probability outcomes can significantly raise the SCC. For example, Simon Dietz
reports that a realistic analysis of catastrophic events could result in SCC estimates that
are an order of magnitude higher than the federal SCC.°
The three IAMs used by the IWG are quite conservative in their representation of the
potentially catastrophic outcomes from a fundamental shift in the climate. For instance,
Martin Weitzman suggests that estimates of damages in IAMs should be equivalent to 50
percent of GDP from 6 degrees Celsius of temperature increase.'® By contrast, the
damages in the three IAMs from 6 degree temperature increases are all less than 10
percent of GDP. By not altering the damage function in the IAMs, the IWG chose to
accept this cautious representation of catastrophic outcomes. The position not to change

the damage functions reflects the IWG’s desire to not want to alter the original models,

but this decision is conservative and lowers the estimate of the SCC.

& Weitzman, Martin, 2009. On modeling and interpreting the economics of catastrophic
climate change. Review of Economics and Statistics 91, 1-19.

% Dietz, Simon, 2011. High impact, low probability? An empirical analysis of risk in the
economics of climate change. Climatic Change, 108, 519-41.

19 \Weitzman, Martin, 2012. GHG targets as insurance against catastrophic climate damages.
Journal of Public Economic Theory, 14 (2), 221-44.
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The policy recommendations from the IAMs call for less drastic reductions in CO,
emissions than do models from the broader field of climate science, and much of this
difference is due to treatment of potentially catastrophic outcomes. For instance, Timothy
Lenton and Juan-Carlos Ciscar state that there is a “huge gulf between natural scientists’
understanding of climate thresholds or tipping points and economists’ representations of
climate catastrophes in integrated assessment models (IAMs).”** The decision to rely on
IAMs can be defended because natural science models do not estimate the dollar value of
damages from emissions of CO,. The downside of doing so is that viewpoints of experts
from other fields are not fully incorporated into these estimates. A climate policy

implementing the range of federal SCC values developed by the IWG would likely not

reduce emissions of CO; as sharply as many climate scientists recommend.

Please describe how the IWG’s choice of discount rates affects the federal SCC
values.

The range of discount rates chosen by the IWG represents the highest values found in
climate change models (5 percent discount rate used in DICE model) but not the lowest
values. As noted, the influential Stern Review uses a 1.4 percent discount rate,
substantially lower than the 2.5 percent lowest value used by the IWG. In my opinion, the
Stern Review value of 1.4 percent better reflects the opinions of many economists
weighing in on this issue. For example, Nicholas Stern, Geoffrey Heal, Laurie Johnson,

Chris Hope, Martin Weitzman, Frank Ackerman, William Cline, John Broome, and Paul

1 Lenton, Timothy M. and Juan-Carlos Ciscar, 2013. Integrating tipping points into climate
impact assessments. Climatic Change, 117 (3), 585-97 at 585.
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Kelleher have all expressed opinions that the discount rate applied to climate change
damages should be lower than the rates assumed by the IWG.* Martin Weitzman links
the discount rate back to questions of uncertainty. He shows that the combined effect of
long time horizons and potential reductions in climate change specific risks result in

discount rates in the range of 1 to 2 percent.'®* A lower value of the discount rate will

increase the value of the SCC.

Q. Describe why assumptions about the impact of climate change on economic growth
resulted in potentially underestimating the federal SCC.

A. Two recent articles have examined the DICE model and found that accounting for the
possible impact of climate change on the growth rate of the economy significantly
increases the SCC. If climate change reduces the growth rate of GDP then the damages
are long-lasting because each successive year GDP is further behind the baseline without
climate impacts. Simon Dietz and Nicholas Stern altered the DICE model by

incorporating growth effects from climate change, as well as increasing the probability of

12 see Stern, Nicholas, 2007. The economics of climate change: The Stern review. Cambridge,
UK: Cambridge University Press; Heal, Geoffrey, 2009. Climate economics: A meta-review and
some suggestions for future research. Review of Environmental Economics and Policy, 3 (1), 4-
21; Johnson, Laurie T and Chris Hope, 2012. The social cost of carbon in U.S. regulatory impact
analyses: an introduction and critique. Journal of Environmental Studies and Sciences, 2, 205-
21; Weitzman, Martin, 2001. Gamma discounting. The American Economic Review, 91 (1), 260-
71; Ackerman, Frank and Finlayson, lan J, 2006. The economics of inaction on climate change: a
sensitivity analysis. Climate Policy, 6 (5), 509-26; Broome, John, 1992. Counting the cost of
global warming. White Horse Press, Cambridge, UK; Cline, William R., 2004. Meeting the
challenge of global warming. In: Lomborg, B. (Ed.), Global Crises, Global Solutions. Cambridge
University Press, New York; Kelleher, J. Paul, 2012. Energy policy and the social discount rate.
Ethics, Policy and Environment, 15 (1), 45-50.

13 Weitzman, Martin, 2013. Tail-hedge discounting and the social cost of carbon. Journal of
Economic Literature 51(3), 873-882.
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catastrophic climate outcomes.** They ran the DICE model with a discount rate of 4.5
percent (higher than the median 3 percent discount rate used by the IWG) and found that
the SCC increased from $14 per metric ton of CO, to as high as $73 per metric ton of
CO,. The important conclusion of this article is that changes in how IAMs model the
effect on economic growth from climate change and the probability of catastrophic
climate change can greatly increase the SCC. The results also highlight that using a high
discount rate can still lead to a large estimate of the SCC.

In another article, Frances Moore and Delavane Diaz alter the DICE model to
account for climate change effects on economic growth and find even larger increases in
the SCC.' They incorporate research that suggests that climate change may accelerate
the depreciation of capital from extreme weather events and reduce the productivity of
capital because resources have to be directed towards climate mitigation in the future.
These factors would lower the growth rate of the economy and greatly reduce the

prosperity of future generations. These changes to the DICE model can have an enormous

effect on the SCC, increasing the estimate from $33 to $220 per metric ton of CO,.

What are you referring to when you say that the federal SCC does not include all
possible damages from climate change?
The damage functions in IAMs exclude important categories of potential damages in part

because the IWG lacked sufficient data or specific expertise within the modeling team to

14 Dietz, Simon and Nicholas Stern, 2015. Endogenous growth, convexity of damages and
climate risk: how Nordhaus’ framework supports deep cuts in carbon emissions. The Economic
Journal, 125, 574-620.

1> Moore, Frances C. and Delavane B. Diaz, 2015. Temperature impacts on economic growth
warrant stringent mitigation policy. Nature Climate Change, 5, 127-31.

I have met both authors at AGU or Stanford, and in my opinion, they are both very good.

https://news.stanford.edu/2015/01/12/emissions-social-costs-011215/ They modified DICE to allow climate change to slow GDP.

http://www.nature.com/nclimate/journal/v5/n2/full/nclimate2481.html
https://earth.stanford.edu/frances-moore She did MS at Yale and PhD at Stanford.

https://chroniclevitae.com/people/189382-delavane-diaz/profile She did her PhD with John Weyant, who leads Energy Modeling

Forum, whose EMF-22 was used by the IWG.
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be included. The omitted categories from 1AM damage functions could have a substantial
impact on the SCC estimates. The categories that are excluded are those that are most
difficult to model and to estimate in monetary terms. The exclusion of these damage
categories is understandable given the difficulty in modeling; however, including them
would increase the estimated damages from climate change and, in turn, the SCC. For
example, The IWG acknowledges that the federal SCC does not include damages from
ocean acidification and species loss.’® VVan den Bergh and Botzen'’ analyze estimates of
the SCC from many sources and determine that important omitted categories of damages
include large biodiversity losses, impacts on long-term economic growth, increased
political instability, increased migration, extreme weather events, and irreversible climate
change.
Peter Howard has also examined the categories of damages that are left out of
IAMs and estimates that in the U.S. alone the damages from an increase in wild fires
could be $23 billion annually by 2050."® Howard also identifies political conflict and
violence, extreme weather events, and declining growth rates as other important

categories that are currently excluded from IAMs and could greatly increase the estimates

for the SCC if included.

18 Schedule 2 at 29 (“Ocean acidification is one example of a potentially large damage from CO;
emissions not quantified by any of the three models. Species and wildlife loss is another example
that is exceedingly difficult to monetize.”).

7 \an den Bergh, J.C.J.M & W.J.W Botzen, 2014. A lower bound to the social cost of CO,
emissions. Nature Climate Change, 4, 253-58.

18 Howard, Peter, 2014. Omitted damages: What’s missing from the social cost of carbon. The
Cost of Carbon Project; Howard, Peter, 2014. Flammable planet: Wildfires and the social cost of
carbon. The Cost of Carbon Project.
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Do other economists agree that the federal SCC is a conservative estimate of the
“true” SCC?
Yes. For example, Nicholas Stern and Bob Litterman believe that the current estimates of
the SCC should be considered a low or minimum value. Stern states: “Many scientists are
telling us that our models are grossly underestimating the risks. In these circumstances, it
is irresponsible to act as if the economic models currently dominating policy analysis
represent a sensible central case.”® Similarly, Litterman states:

| believe that given that uncertainty, a cautious approach that

weighs the costs of catastrophic outcomes above the potential

benefits of hedging future economic growth is justified. It would

be best to get started immediately by pricing carbon emissions no

lower, and perhaps well above, a reasonable estimate of the present

value of expected future damages, and allow the price to respond
appropriately to new information as it becomes known.*

RECOMMENDATIONS

In your opinion, is the federal SCC the best available damage-cost measure for CO,
emissions?

Yes. The IWG brought together experts from across the federal government. The IWG
members thoroughly reviewed the literature on the economics of climate change and
chose to base their estimate on results from the three most widely used integrated
economic-climate change assessments models. The members used a transparent process

making it easy to understand what they did and why. The choices that the IWG made in

19 stern, Nicholas, 2013. The structure of economic modeling of the potential impacts of climate
change: grafting gross underestimation of risk only already narrow science models. Journal of
Economic Literature, 51(3), 838-59.

20 |_jtterman, Bob, 2013. What is the right price for carbon emissions? The unknown potential for
devastating effects from climate change complicates pricing. Regulation, 36(2), 38-43.
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terms of the range of parameter values to use to standardize across models and what to
leave unchanged in the models was reasonable. The IWG has also committed to updating

the estimates periodically as new information arises. For all these reasons, | think the

IWG estimates of SCC are the best available and reasonable.

In your opinion, is the federal SCC a reasonable value for the Commission to adopt
as part of a range of values representing the environmental costs of electricity
production?

Yes. While there is uncertainty about the value of the SCC, the federal SCC presents a
reasonable estimate of the expected value of the SCC. In my opinion, the federal SCC
does not give sufficient weight to the possibility of very bad outcomes with high damages
so that there is an argument for setting a higher SCC. But I think the process that the
IWG employed in coming to its estimated value was reasonable and relied on the best
available science. | therefore think that adopting the range of values for the federal SCC

is both reasonable and desirable.

How do you recommend the Commission apply the schedule of federal SCC values
and update the values, if adopted?

| recommend that the Minnesota PUC adopt the IWG’s full schedule of SCC estimates®
(as opposed to only using the values for emissions in 2015) across the three discount

rates: 2.5 percent, 3 percent, and 5 percent. When evaluating utility’s decisions that will

2! See Schedule 3, App. Table Al.
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impact emissions for many years in the future it is important to follow the schedule of
SCC estimates that was produced by the IWG.
| further suggest that the SCC values should be updated when the IWG releases
updated federal SCC values as this will reflect new advances in scientific understanding
or new data. I would recommend updating the SCC based on the IWG as long as the IWG

process remains committed to use of the best available information as was done in the

2010 and 2013 reports.

26


John Mashey
Highlight


PUC Docket No. E-999/CI-14-643 Dr. Stephen Polasky Direct Testimony
OAH Docket No. 80-2500-31888 Clean Energy Organizations
Schedule 1
Exhibit
Curriculum Vitae
STEPHEN POLASKY

Office Addresses:
Department of Applied Economics Department of Ecology, Evolution, and Behavior
337E Classroom Office Building 503 Ecology Building

University of Minnesota University of Minnesota
1994 Buford Avenue 1987 Upper Buford Circle
St. Paul, MN 55108 St. Paul, MN 55108
Phone: (612) 625-9213 Phone: (612) 624-3663

Fax: (612) 625-2729
Email: polasky@umn.edu

EDUCATION

Ph.D. Economics, University of Michigan, 1986
B.A. Williams College, cum laude, 1979
London School of Economics, 1977 - 1978

EXPERIENCE AND AFFILIATIONS

Regents Professor, University of Minnesota, 2013 — present

Fesler-Lampert Professor of Ecological/Environmental Economics, University of
Minnesota, 1999 — present

James Marsh Professor-at-large, University of Vermont, 2013 - present

Zurich Financial Services Distinguished Visiting Professor, University of California,
Santa Barbara, May 2015

Research Fellow, Stellenbosch Institute for Advanced Studies, 2014.

Research Associate, Environmental & Energy Economics Program, National Bureau of
Economic Research, 2008 — present

Resident Fellow of the Institute on the Environment, University of Minnesota, 2009 —
present

Research Fellow, Beijer Institute of Ecological Economics, 2007- present

University Fellow, Resources for the Future, 2001 — present

Visiting Scholar Woods Institute of the Environment, Stanford University, 2008 - present

Founding Fellow of the Institute on the Environment, University of Minnesota, 2007-08

Senior Staff Economist, President’s Council of Economic Advisers, 1998 - 1999

Associate Professor, Agricultural and Resource Economics Department,
Oregon State University, 1993 - 1999

Visiting Senior Research Fellow, Marine Policy Center, Woods Hole Oceanographic

Page 1



PUC Docket No. E-999/CI-14-643 Dr. Stephen Polasky Direct Testimony
OAH Docket No. 80-2500-31888 Clean Energy Organizations

Schedule 1
Exhibit ___
Institution, 1997
Assistant Professor, Economics Department, Boston College, 1986 - 1993
Visiting Research Fellow, Marine Policy Center, Woods Hole Oceanographic
Institute, 1990 - 1993
Visiting Scholar, Economics Department, M.1.T., 1990
Research Assistant, Resources for the Future, 1980 -1981
Research Assistant, National Economic Research Associates, 1979 - 1980

FELLOWSHIPS AND AWARDS

Member of the National Academy of Sciences, Elected 2010

Fellow of the Association of Environmental and Resource Economists, Elected 2011

Fellow of the American Academy of Arts and Sciences, Elected 2009

Fellow of the American Association for the Advancement of Science, Elected 2007

Publication of Enduring Quality, Association of Environmental and Resource Economists
Awarded 2012

Marine Policy Fellowship, Woods Hole Oceanographic Institute, 1990 - 1993, 1997

Faculty Fellowship, Boston College, 1989 - 1990

Graves Prize in Political Economy, Williams College, 1979

BOOKS

Goodstein, E. and S. Polasky. 2014. Environmental Economics (7" edition). John Wiley
& Sons.

Kareiva, P., H. Tallis, T.H. Ricketts, G.C. Daily, and S. Polasky. (eds.) 2011. Natural
Capital: Theory and Practice of Mapping Ecosystem Services. Oxford University Press.

Polasky, S. (ed.). 2002. The Economics of Biodiversity Conservation. International

library of environmental economics and policy. Ashgate Publishing Limited.
REFEREED JOURNAL ARTICLES

van den Bergh, J., C. Folke, S. Polasky, M. Scheffer, and W. Steffen. Forthcoming. What

if solar energy becomes really cheap? A thought experiment and guidelines for analyzing
environmental problem shifting. Current Opinion in Environmental Sustainability.

Page 2



PUC Docket No. E-999/CI-14-643 Dr. Stephen Polasky Direct Testimony
OAH Docket No. 80-2500-31888 Clean Energy Organizations
Schedule 1
Exhibit ___
Polasky, S., B. Bryant, P. Hawthorne, J. Johnson, B. Keeler, and D. Pennington.
Forthcoming. Inclusive Wealth. Annual Review of Environment and Resources.

Polasky, S., H. Tallis, and B. Reyers. Forthcoming. Setting the bar: Standards for
ecosystem services. Proceedings of the National Academy of Sciences.

Li, C., H. Zheng, S. Li, X. Chen, J. Li, W. Zeng,Y. Liang, S. Polasky, M.W. Feldman, M.
Ruckelshaus, Z.Ouyang, and G.C. Daily. Forthcoming. Impacts of conservation and
human development policy across stakeholders and scales. Proceedings of the National
Academy of Sciences.

Guerry, A., S. Polasky, J. Lubchenco, R. Chaplin-Kramer, G.C. Daily, R. Griffin, M.H.
Ruckelshaus, 1.J. Bateman, A. Duraiappah, T. ElImqgvist, M.W. Feldman, C. Folke, J.
Hoekstra, P. Kareiva, B. Keeler, S. Li, E. McKenzie, Z. Ouyang, B. Reyers, T. Ricketts,
J. Rockstrom, H. Tallis, and B. Vira. Forthcoming. Natural capital informing decisions:
from promise to practice Proceedings of the National Academy of Sciences.

Ruckelshaus, M., E. McKenzie, H.M. Tallis, A.D. Guerry, G.C. Daily, P.M. Kareiva, S.
Polasky, T. Ricketts, N. Bhagabati, S. Wood, and J. Bernhardt. 2015. Notes from the
field: Lessons learned from using ecosystem services to inform real-world decisions.
Ecological Economics 115: 11-21.

Naeem, S., J.C. Ingram, A. Varga, T.Agardy, P. Barten, G. Bennett, E. Bloomgarden, L.
Bremer, P. Burkill, M. Cattau, C. Ching, M. Colby, D.C. Cook, R. Costanza, F.
DeClerck, C. Freund, T. Gartner, R. Goldman-Benner, J. Gunderson, D. Jarrett, A.P.
Kinzig, A. Kiss, A. Koontz, P. Kumar, J.R Laskey, M. Masozera, D. Meyers, F. Milano,
L. Naughton-Treves, E. Nichols, L. Olander, P. Olmsted, E. Perge, C. Perrings, S.
Polasky, J. Potent, C. Prager, F. Quétier, K. Redford, K. Saterson, G. Thoumi, M.T.
Vargas, S. Vickerman, W. Weisser, D. Wilkie, and S. Wunder. 2015. Get the science
right when paying for nature’s services: Few projects adequately address design and
evaluation. Science 347: 1206-1207.

Cavendar-Bares, J., S. Polasky, E. King, and P. Balvanera. 2015. A sustainability
framework for assessing trade-offs in ecosystem services. Ecology and Society 20(1): 17.

Cavendar-Bares, J., E. King, P. Balvanera, and S. Polasky. 2015. Ecosystem service
trade-offs across global contexts and scales. Ecology and Society 20(1): 22.

Isbell, F., D. Tilman, S. Polasky, and M. Loreau. 2015. The biodiversity-dependent
ecosystem service debt. Ecology Letters 18(2): 119-134.

Page 3



PUC Docket No. E-999/CI-14-643 Dr. Stephen Polasky Direct Testimony
OAH Docket No. 80-2500-31888 Clean Energy Organizations
Schedule 1
Exhibit ___
Keeler, B., S.A. Wood, S. Polasky, C. Kling, C.T. Filstrup, and J.A. Downing. 2015.
Recreational demand for clean water: Evidence from geotagged photographs by visitors

to lakes. Frontiers in Ecology and the Environment 13: 76-81.

Troell, M., R. Naylor, M. Metian, M. Beveridge, P. Tyedmers, C. Folke, K. Arrow, S.
Barrett, A-S. Crépin, P. Ehrlich, A. Gren, N. Kautsky, S. Levin, K. Nyborg, H.
Osterblom, S. Polasky, M. Scheffer, B. Walker, T. Xepapadeas, and A. de Zeeuw. 2014,
Aquaculture and the resilience of global food systems. Proceedings of the National
Academy of Sciences 111: 13257-13263.

Bennett, E., S.R. Carpenter, L.J. Gordon, N. Ramankutty, P. Balvanera, B. Campbell, W.
Cramer, J. Foley, C. Folke, L. Karlberg, J. Liu, H. Lotze-Campen, N.D. Mueller, G.D.
Peterson, S. Polasky, J. Rockstrom, R.J. Scholes, and M. Spierenburg. 2014. Solutions
5(5): 65-75.

Johnson, J., C.F. Runge, B. Senauer, J. Foley, and S. Polasky. 2014. Global agriculture
and carbon tradeoffs. Proceedings of the National Academy of Sciences 111: 12342-
12327.

Keeler, B.L. and S. Polasky. 2014. Land-use change and costs to rural households: A case
study in groundwater nitrate contamination. Environmental Research Letters 9(7):
074002

Gradel, T.E., D. Swackhamer, R. Anex., W.F. Carroll, Jr., G.T. Daigger, P. Ferrao, H.
Frumkin, S. Katzen, A. Palmisano, S. Polasky, L. Scarlett, R. Stephens, and L Zeise.
2014. Sustainability for the nation: Resource connections and governance linkages.
Environmental Science and Technology 48(13): 7197-7199.

Barrett, S., T.M. Lenton, A. Millner, A. Tavoni, S. Carpenter, J.M. Anderies, F.S.Chapin
I, A.-S. Crépin, G. Daily, P. Ehrlich, C. Folke, V. Galaz, T. Hughes, N. Kautsky, E.
Lambin, R. Naylor, K. Nyborg, S. Polasky, M. Scheffer, J. Wilen, A. Xepapadeas, and A.
de Zeeuw. 2014. Climate engineering reconsidered. Nature Climate Change 4: 527-529.

Mueller, N., P. West, J. Gerber, G. MacDonald, S. Polasky, J. Foley. 2014. A tradeoff
frontier for global nitrogen use and cereal production. Environmental Research Letters
9(5): 054002.

Lawler, J.J., D.J. Lewis, E.Nelson, A.J. Plantinga, S. Polasky, J.C. Withey, D.P. Helmers,
S. Martinuzzi, D. Pennington, V.C. Radeloff. 2014. Projected land-use change impacts on
ecosystem services in the U.S. Proceedings of the National Academy of Sciences 111(20):
7492-7497.

Page 4



PUC Docket No. E-999/CI-14-643 Dr. Stephen Polasky Direct Testimony
OAH Docket No. 80-2500-31888 Clean Energy Organizations
Schedule 1
Exhibit

Polasky, S., D. Lewis, A. Plantinga, and E. Nelson. 2014. Implementing the optimal
provision of ecosystem services. Proceedings of the National Academy of Sciences 111
(17): 6248-6253.

Ren, B. and S. Polasky. 2014. The optimal management of renewable resources under the
risk of potential regime shift. Journal of Economic Dynamics and Control 40: 195-212.

Zheng, H., B. Robinson, Y.-C. Liang, S. Polasky, D.-C. Ma, F.-C. Wang, M.
Ruckelshaus, Z.-Y. Ouyang, and G.C. Daily. 2013. The benefits, costs, and livelihood
implications of a regional PES (payment for ecosystem service) program. Proceedings of
the National Academy of Sciences 110(41): 16681-16686.

Burgess, M., S. Polasky, and D. Tilman. 2013. Predicting overfishing and extinction
threats in multispecies fisheries. Proceedings of the National Academy of Sciences
110(40): 15943-15948.

Banerjee, S., S. Secchi, J. Fargione, S. Polasky, and S. Kraft. 2013. How to sell
ecosystem services: a guide for designing new markets. Frontiers in Ecology and
Environment 11: 297-304.

Isbell, F., P.B. Reich, D. Tilman, S. Hobbie, S. Polasky, and S. Binder. 2013. Nutrient
enrichment, biodiversity loss, and consequent declines in ecosystem productivity.
Proceedings of the National Academy of Sciences 110(29): 11911-11916.

Kovacs, K., S. Polasky, E. Nelson, B. Keeler, D. Pennington, A. Plantinga, and S. Taff.
2013. Evaluating the return in ecosystem services from investment in public land
acquisitions. PLoS One 8(6): €62202.

Packer, C., A. Loveridge, S. Canney, T. Caro, S.T. Garnett, M. Pfeifer, K.K. Zander, A.
Swanson, D. MacNulty, G. Balme, H. Bauer, C.M. Begg, K.S. Begg, S. Bhalla, C.
Bissett, T. Bodasing, H. Brink, A. Burger, A.C. Burton, B. Clegg, S. Dell, A. Delsink, T.
Dickerson, S.M. Dloniak, D. Druce, L. Frank, P. Funston, N. Gichohi, R. Groom, C.
Hanekom, B. Heath, L. Hunter, H.H. Delongh, C.J. Joubert, S.M. Kasiki, B. Kissui, W.
Knocker, B. Leathem, P.A. Lindsey, S.D. Maclennan, J.W. McNutt, S.M. Miller, S.
Naylor, P. Nel, C. Ng’weno, K. Nicholls, J.O. Ogutu, E. Okot-Omoya, B.D. Patterson, A.
Plumptre, J. Salerno, K. Skinner, R. Slotow, E.A. Sogbohossou, K.J. Stratford, C.
Winterbach, H. Winterbach, and S. Polasky. 2013. Conserving large carnivores: Dollars
and fence. Ecology Letters 16(5): 635-641.
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Reyers, B., R. Biggs, G.S. Cummings, T. EImqvist, A.P. Hejnowicz, and S. Polasky.
2013. Getting the measure of ecosystem services: a social-ecological approach. Frontiers

in Ecology and Environment 11: 268-273.

Isbell, F., D. Tilman, S. Polasky, S. Binder, and P. Hawthorne. 2013. Low biodiversity
stable state persists two decades after cessation of nutrient enrichment. Ecology Letters
16(4): 454-460.

Daily, G.C., Z.-Y. Ouyang, H. Zheng, S. Li, M. Feldman, P. Kareiva, S. Polasky, and M.
Ruckelshaus. 2013. Protection of natural capital and human well-being: China's
innovation and influence. Shengtai Xuebao/Acta Ecologica Sinica 33(3): 669-676.

Daily, G.C., Z.-Y. Ouyang, H. Zheng, S. Li, W. Yukuan, M. Feldman, P. Kareiva, S.
Polasky, and M. Ruckelshaus. 2013. Securing natural capital and human well-being:
Innovation and impact in China. Shengtai Xuebao/Acta Ecologica Sinica 33(3): 677-685.

Huang, Q.Q., Y.Liu, S. Rozelle, S. Polasky, and J. Wang. 2013. The effects of well
management and the nature of the aquifer on groundwater resources. American Journal
of Agricultural Economics 95(1): 94-116.
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K. Arrow, S. Barrett, G. Daily, P. Ehrlich, N. Kautsky, K.-G. Méler, S. Polasky, M.
Troell, J.R. Vincent, and B. Walker. 2013. Social-ecological systems as complex adaptive
systems: modeling and policy implications. Environment and Development Economics
18(2): 111- 132.

Runge, C.F., J. Sheehan, B. Senauer, J. Foley, J. Gerber, J.A. Johnson, S. Polasky, and
C.P. Runge. 2012. Assessing the comparative productivity advantage of bioenergy
feedstocks at different latitudes. Environmental Research Letters 7(4): 045906.

Reyers, B., S. Polasky, H. Tallis, H. Mooney, and A. Larigauderie. 2012. The common
ground of biodiversity and ecosystem services demonstrated: A response to Faith.
BioScience 62(9): 785-786.

Crepin, A.-S., R. Biggs, S. Polasky, M. Troell, and A. de Zeeuw. 2012. Regime shifts
and management. Ecological Economics 84: 15-22.
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Polasky, M. Scheffer, J. Shogren, T. Sterner, S. Taylor, J. Vincent, B. Walker, A.
Xepapadeas, and A. de Zeeuw. 2012. General resilience to cope with extreme events.
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Keeler, B., S. Polasky, K. A. Brauman, K. A. Johnson, J. C. Finlay, A. O’Neill, K.
Kovacs, and B. Dalzell. 2012. Linking water quality and well-being for improved
assessment and valuation of ecosystem services. Proceedings of the National Academy of
Sciences 109: 18619-18624.
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Arkema, G. Guannel, S.A. Wood, J.R. Bernhardt, H. Tallis, M.L. Plummer, B.S. Halpern,
M.L. Pinsky, M.W. Beck, F. Chan, K. Chan, P.S. Levin, and S. Polasky. 2012. Catching
the right wave: Evaluating wave energy resources and potential compatibility with
existing marine and coastal uses. PL0oS One 7(11): e47598.

Tallis, H. H. Mooney, S. Andelman, P. Balvanera, W. Cramer, D. Karp, S. Polasky, B.
Reyers, T. Ricketts, S. Running, K. Thonicke, B. Tietjen, and A. Walz. 2012. A global
system for monitoring ecosystem service change. BioScience 62(11): 977-986.

Withey, J., J. Lawler, S. Polasky, A. Plantinga, E. Nelson, P. Kareiva, C. Wilsey, C.
Schloss, T. Nogeire, A. Ruesch, J. Ramos, Jr., and W. Reid. 2012. Maximizing return on
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E. Neeley, D. Pauly, S. Polasky, B. Ris, K. St. Martin, G.S. Stone, U.R. Sumaila, and D.
Zeller. 2012. An index to assess the health and benefits of global marine social-ecological
systems. Nature 488: 615-620.

Polasky, S. K. Johnson, B. Keeler, K. Kovacs, E. Nelson, D. Pennington, A. Plantinga,
and J. Withey. 2012. Are investments to promote biodiversity conservation and
ecosystem services aligned? Oxford Review of Economic Policy 28(1): 139-163.
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Polasky, D. Richardson, and T. Root. 2012. Managed relocation: Integrating the
scientific, regulatory and ethical challenges. BioScience 62(8): 732-743.
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Polasky, S. Wolny, and G.C. Daily. 2012. Integrating ecosystem service tradeoffs into
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Johnson, K.A., S. Polasky, E. Nelson, and D. Pennington. 2012. Uncertainty in
ecosystem services valuation and implications for assessing land use tradeoffs: An
agricultural case study in the Minnesota River Basin. Ecological Economics 79: 71-79.
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M. Marsik, M. Papenfus, J.E. Toft, G.M. Verutes, S.A. Wood, M. Beck, F. Chan, K.M.A.
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Spencer. 2012. Modelling benefits from nature: Using ecosystem services to inform
coastal and marine spatial planning. International Journal of Biodiversity Science,
Ecosystem Services & Management 8(1-2): 107-121.

Reyers, B., S. Polasky, H. Tallis, H. Mooney, and A. Larigauderie. 2012. Finding
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2012. Economic-based projections of future land use under alternative economic policy
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Kinzig, A., C. Perrings, F.S. Chapin I1l, S. Polasky, V. K. Smith, D. Tilman, and B. L.
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G. Daily, K. Danell, J. Ebbesson, T. EImqvist, V. Galaz, F. Moberg, M. Nilsson, H.
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Westley. 2011. Reconnecting to the biosphere. Ambio 40(7): 719-738.

Kinzig, A., C. Perrings, F.S. Chapin 11, S. Polasky, V. K. Smith, D. Tilman, and B. L.
Turner I1. 2011. Paying for ecosystem services — promise and peril. Science 334: 603-
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Cassidy, J. Gerber, J. Hill, M. Johnston, C. Monfreda, N.D. Mueller, C. O’Connell, S.
Polasky, D.K. Ray, J. Rockstrom, J. Sheehan, S. Siebert, D. Tilman, P.C. West, and
D.P.M. Zaks. 2011. Solutions for a cultivated planet. Nature 420: 337-342.

Polasky, S., A. de Zeeuw, and F. Wagener. 2011. Optimal management with potential
regime shifts. Journal of Environmental Economics and Management 62: 229-240.

Fargione, J., C. Lehman, and S. Polasky. 2011. Entrepreneurs, chance, and the
deterministic concentration of wealth. PLoS One 6(7): e20728.

Polasky, S., S. Carpenter, C. Folke, and B. Keeler. 2011. Decision-making under great
uncertainty: environmental management in an era of global change. Trends in Ecology &
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Cragg, M., C. Polek, and S. Polasky. 2011. Valuing properties with wetland potential.
The Appraisal Journal 79(2): 126-142.

Fisher, B., S. Polasky and T. Sterner. 2011. Conservation and human welfare: economic
analysis of ecosystem services. Environmental and Resource Economics 48(2): 151-159.

Polasky, S., E. Nelson, D. Pennington, and K. Johnson. 2011. The impact of land-use
change on ecosystem services, biodiversity and returns to landowners: a case study in the
State of Minnesota. Environmental and Resource Economics 48(2): 219-242.

Lewis, D., A. Plantinga, E. Nelson, and S. Polasky. 2011. The efficiency of voluntary
incentives policies for preventing biodiversity loss. Resource and Energy Economics
33(1): 192- 211.

Nelson, E., H. Sander, P. Hawthorne, M. Conte, D. Ennaanay, S. Manson, and S.
Polasky. 2010. Projecting global land use change and its affect on ecosystem service
provision and biodiversity with simple techniques. PLoS ONE 5(12): e14327.

Murdoch, W., J. Ranganathan, S. Polasky, J. Regetz. 2010. Using return on investment
to maximize conservation effectiveness in Argentine grasslands. Proceedings of the
National Academy of Sciences of the United States of America 107: 20855-20862.

Haight, R.G., and S. Polasky. 2010. Optimal control of an invasive species with imperfect
information about the level of infestation. Resource and Energy Economics 32: 519-533.
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Jansson, A., and S. Polasky. 2010. Quantifying biodiversity for building resilience for
food security in urban landscapes: getting down to business. Ecology and Society 15 (3):

20.

Sander, H., S. Polasky, and R. Haight. 2010. The value of urban tree cover: a hedonic
property price model in Ramsey and Dakota Counties, Minnesota, USA. Ecological
Economics 69(8): 1646-1656.

Costello, C., M. Neubert, S. Polasky, and A. Solow. 2010. Bounded uncertainty and
climate change economics. Proceedings of the National Academy of Sciences 107(18):
8108-8110.

Knapp, E.J., D. Rentsch, J. Schmitt, C. Lewis, and S. Polasky. 2010. A tale of three
villages: choosing an effective method for assessing poaching levels in Western
Serengeti, Tanzania. Oryx 44(2): 178-184.

Holdo, R., K. Galvin, E. Knapp, R. Holt, S. Polasky, and R. Hilborn. 2010. Responses to
alternative rainfall regimes and anti-poaching in a migratory system. Ecological
Applications 20(2): 381-397.

Granek, E.F., S. Polasky, C.V. Kappel, D.J. Reed, D.M. Stoms, E.W. Koch, C.J.
Kennedy, L.A. Cramer, S.D. Hacker, E.B. Barbier, S. Aswani, M. Ruckelshaus, G.M.E.
Perillo, B.R. Silliman, N. Muthiga, D. Bael, and E. Wolanski. 2010. Ecosystem services
as a common language for coastal ecosystem-based management. Conservation Biology
24(1): 207-216.

Polasky, S., and K. Segerson. 2009. Integrating ecology and economics in the study of
ecosystem services: some lessons learned. Annual Review of Resource Economics 1:
409-434.

Walker, B.W., S. Barrett, S. Polasky, V. Galaz, C. Folke, G. Engstrom, F. Ackerman, K.
Arrow, S. Carpenter, K. Chopra, G. Daily, P. Ehrlich, T. Hughes, N. Kautsky, S. Levin,
K-G. Maler, J. Shogren, J. Vincent, T. Xepapadeas, and A. de Zeeuw. 2009. Looming
global-scale failures and missing institutions. Science 325(11): 1345-1346.

Richardson, D.M, J.J. Hellmann, J. McLachlan, D.F. Sax, M.W. Schwartz, J. Brennan, P.
Gonzalez, T. Root, O. Sala, S.H. Schneider, Dan Ashe, A. Camacho, J. Rappaport Clark,
R. Early, J. Etterson, D. Fielder, J. Gill, B.A. Minteer, S. Polasky, H. Safford, A.
Thompson, and M. Vellend. 2009. Multidimensional evaluation of managed relocation.
Proceedings of the National Academy of Sciences 106(24): 9721-9724.
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Sander, H., and S. Polasky. 2009. The value of views and open space: estimates from a
hedonic pricing model for Ramsey County, Minnesota, USA. Land Use Policy 26(3):

837-845.

Tallis, H., and S. Polasky. 2009. Mapping and valuing ecosystem services as an approach
for conservation and natural resource management. Annals of the New York Academy of
Sciences 1162: 265-283.

Polasky, S. 2009. Conservation economics: economic analysis of biodiversity
conservation and ecosystem services. Environmental Economics and Policy Studies 10:
1-20.

Hill, J., S. Polasky, E. Nelson, D. Tilman, H. Huo, L. Ludwig, J. Neumann, H. Zheng,
and D. Bonta. 2009. Climate change and health costs of air emissions from biofuels and
gasoline. Proceedings of the National Academy of Sciences 106(6): 2077-2082.

Nelson, E., G. Mendoza, J. Regetz, S. Polasky, H. Tallis, D.R. Cameron, K.M.A. Chan,
G. Daily, J. Goldstein, P. Kareiva, E. Lonsdorf, R. Naidoo, T.H. Ricketts, and M.R.
Shaw. 2009. Modeling multiple ecosystem services, biodiversity conservation,
commodity production, and tradeoffs at landscape scales. Frontiers in Ecology and the
Environment 7(1): 4-11.

Daily, G., S. Polasky, J. Goldstein, P.M. Kareiva, H.A. Mooney, L.Pejchar, T.H.
Ricketts, J. Salzman, and R. Shallenberger. 2009. Ecosystem services in decision-
making: time to deliver. Frontiers in Ecology and the Environment 7(1): 21-28.

Koch, E.W., E.B. Barbier, B.R. Silliman, D.J. Reed, G.M.E. Perillo, S.D. Hacker, E.F.
Granek, J.H. Primavera, N. Muthiga, S. Polasky, B.S. Halpern, C.J. Kennedy, C.V.
Kappel, and E. Wolanski. 2009. Non-linearity in ecosystem services: temporal and spatial
variability in coastal protection. Frontiers in Ecology and the Environment 7(1): 29-37.

Costello, C., and S. Polasky. 2008. Optimal harvesting of stochastic spatial resources.
Journal of Environmental Economics and Management 56(1): 1-18.

Fargione, J., J. Hill, D. Tilman, S. Polasky, and P. Hawthorne. 2008. Biofuels: effects on
land and fire. Response. Science 321: 199-200.

Nelson, E., S. Polasky, D.J. Lewis, A.J. Plantinga, E. Lonsdorf, D White, D. Bael, and
J.J. Lawler. 2008. Efficiency of incentives to jointly increase carbon sequestration and
species conservation on a landscape. Proceedings of the National Academy of Sciences
105(28): 9471-9476.
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Polasky, S. 2008. What’s nature done for you lately: measuring the value of ecosystem
services. Choices 23(2): 42-46.

Polasky, S., E. Nelson, J. Camm, B. Csuti, P. Fackler, E. Lonsdorf, C. Montgomery, D.
White, J. Arthur, B. Garber-Yonts, R. Haight, J. Kagan, A. Starfield, and C. Tobalske.
2008. Where to put things? Spatial land management to sustain biodiversity and
economic returns. Biological Conservation 141(6): 1505-1524.

Fargione, J., J. Hill, D. Tilman, S. Polasky and P. Hawthorne. 2008. Biofuels: putting
current practices in perspective. Response. Science 320: 1421-1422.

Tajibaeva, L., R. Haight and S. Polasky. 2008. A discrete space model with
environmental amenities. Resource and Energy Economics 30(2): 170-196.

Barbier, E.B., E.W. Koch, B.R. Silliman, S. D. Hacker, E. Wolanski, J. Primavera, E. F.
Granek, S. Polasky, S. Aswani, L.A. Cramer, D. Stoms, C.J. Kennedy, D.Bael, C.V.
Kappel, G.M.E. Perillo and D.J. Reed. 2008. Vegetation’s role in coastal protection:
response. Science 320: 177.

Polasky, S. 2008. Why conservation planning needs socioeconomic data. Proceedings of
the National Academy of Sciences 105(18): 6505-6506.

Polasky, S. 2008. Comments on “Key issues for attention from ecological economists” by
Paul Ehrlich. Environment and Development Economics 13(1): 25-28.

Fargione, J., J. Hill, D. Tilman, S. Polasky, and P. Hawthorne. 2008. Land clearing and
the biofuel carbon debt. Science 319: 1235-1238.

Tarui, N., C. Mason, S. Polasky, and G. Ellis. 2008. Cooperation in the commons with
unobservable actions. Journal of Environmental Economics and Management 55(1): 37-
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Barbier, E.B., E.W. Koch, B.R. Silliman, S. D. Hacker, E. Wolanski, J. Primavera, E. F.
Granek, S. Polasky, S. Aswani, L.A. Cramer, D. Stoms, C.J. Kennedy, D.Bael, C.V.
Kappel, G.M.E. Perillo, and D.J. Reed. 2008. Coastal ecosystem-based management with
non-linear ecological functions and values. Science 319: 321-323.

Dale, V., and S. Polasky. 2007. Measures of the effects of agricultural practices on
ecosystem services. Ecological Economics 64(2): 286-296.
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Murdoch, W., S. Polasky, K. Wilson, H. Possingham, P. Kareiva, and R. Shaw. 2007.
Maximizing return on investment in conservation. Biological Conservation 139: 375-388.

Naidoo, R., A. Balmford, P.J. Ferraro, S. Polasky, T.H. Ricketts, and M. Rouget. 2007.
Response to Hockley: The merit of economic and biological measures in conservation
planning. Trends in Ecology and Evolution 22(6): 287-288.

Nelson, E., M Uwasu, and S. Polasky. 2007. VVoting on open space: an analysis of the
decision to hold a referendum and of referendum results. Ecological Economics 62: 580-
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detection and control strategies for invasive species management. Ecological Economics
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Jakes, and R. Hudson. 2006. A comparison of alternative strategies for cost effective
water quality management in lakes. Environmental Management 38(3): 411-425.
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economic, and energetic costs and benefits of biodiesel and ethanol biofuels.
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11206-11210.

Polasky, S. 2006. You can't always get what you want: conservation planning with
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Bin, O., and S. Polasky. 2005. Evidence on the amenity value of wetlands in a rural
setting. Journal of Agricultural and Applied Economics 37(3): 589-602.
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Mason, C., and S. Polasky. 2005. What motivates membership in a non-renewable
resource cartel? The case of OPEC. Resource and Energy Economics 27(4): 321-342.

Tarui, N., and S. Polasky. 2005. Environmental regulation with learning and innovation:
rules versus discretion. Journal of Environmental Economics and Management 50(3):
447-467.
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Ecological Applications 15(4): 1387-1401.
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Santelmann, M., D. White, K. Freemark, J.I. Nassauer, J.M. Eilers, K.B. Vache, B.J.
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Issues. Journal of Economic Literature 35(2): 823-824.

Polasky, S., O. Gainutdinova and J. Kerkvliet. 1996. Comparing CV responses with
voting behavior: open-space survey and referendum in Corvallis, Oregon. Western
Regional Research Publication, W-133 Benefits and Costs Transfer in Natural Resource
Planning, Ninth Interim Report, 105-129.

Adams, R.M., C.J. Costello, S. Polasky, D. Sampson, A. Solow. 1996. The value of
improved ENSO forecasts: a preliminary assessment of effects on fisheries in the Pacific
Northwest. Report prepared for the U.S Department of Commerce, National Oceanic and
Atmospheric Administration.

Polasky, S. 1995. Property owners vs. protecting species. Inland Farmer 18(12): 6, 16.

Polasky, S. 1994. What role for economic considerations in species conservation policy?
Endangered Species Update 11(11): 1-4.

Polasky, S. 1994. Does the ESA have room for improvement? Inland Farmer 17(3).

Broadus, J, S. Polasky, and A. Solow. 1993. Elements of an economic basis for the
conservation of biological diversity. Report prepared for the U.S. Environmental
Protection Agency.

Polasky, S. and J. Broadus. 1990. Cancellation and compensation provisions for offshore
oil leases in the Outer Continental Shelf. Testimony in the hearing Outer Continental
Shelf Lease Cancellation and Compensation Process. Subcommittees on Oversight and
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Investigations, Oceanography and Great Lakes, and Panama Canal/Outer Continental
Shelf of the Committee on Merchant Marine and Fisheries, U.S. House of

Representatives, July 25, 1990.

GRANTS AND COOPERATIVE AGREEMENTS AWARDED

Polasky, S. Measuring infrastructure’s impact on livelihoods. Stanford
University/Rockefeller Foundation. September 1, 2012 — August 31, 2013, $57,700.

Galatowitsch, S. and S. Polasky. LCCMR prairie reconnection and restoration. The
Nature Conservancy. July 1, 2011 — April 30, 2013, $154,000.

Polasky, S. The marginal cost of carbon abatement. USDA Forest Service North Central.
October 1, 2010 — October 1, 2013, $76,381.

Polasky, S. and S. Taff. Friends of the Boundary Waters. Potential economic benefits and
costs from proposed mining. January 5, 2012 — September 30, 2013, $29, 650.

Polasky, S., P. Karieva, J. Lawler, D. Lewis, E. Lonsdorf, A. Plantinga, and V. Radeloff.
Collaborative research: Integrated dynamic modeling of ecosystem services, incentive-
based policies, land-use decisions, and ecological outcomes. National Science
Foundation. October 1, 2008 — March 31, 2012, $234,003.

Liu, S., S. Polasky, T. Sohl and A. Gallant. Integrated modeling of future agricultural
change in the Northern Great Plains: biophysical potential, sustainability, and Economic
and environmental consequences. National Aeronautics and Space Administration
(subcontract through USGS EROS Lab). August 15, 2008- May 31, 2011, $983,492.

Polasky, S. Biofuels expansion: land use and ecosystem services. National Science
Foundation (subcontract through Arizona State University). March 1, 2008 - June 30,
2008, $10,000.

Polasky, S., S. Taff, D. Mulla, Q. Huang. Lake Pepin Watershed TMDL full-cost
accounting project. Minnesota Pollution Control Agency. January 2008- March 2012,
$341,000.

Polasky, S. Return on Investment (ROI). The Nature Conservancy. March 21, 2007 —
August 31, 2007, $10,000.
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Tilman, D., S.E. Hobbie, S. Polasky, P.B. Reich. Biodiversity, environmental change and
ecosystem functioning at the prairie-forest border. National Science Foundation. October

1, 2006 — September 30, 2012, $4,920,000.

Polasky, S., D. Tilman, V. Eidman, F. Kulacki, J. Kuzma, and D. Tiffany. Full cost
accounting of renewable and conventional energy sources. Initiative for Renewable
Energy and the Environment, University of Minnesota, July 1, 2005 — June 30, 2008.

Eidman, V., K. Valentas, M. von Keitz, S. Polasky, U. Tschirner, S. Ramaswamy and R.
Cairncross. Liquid fules from biomass: an integrated biorefinery approach. Initiative for
Renewable Energy and the Environment, University of Minnesota, July 1, 2005 — June
30, 2008.

Anderson, J.L., E. Nater and S. Polasky. Minnesota terrestrial carbon sequestration
project. Initiative for Renewable Energy and the Environment, University of Minnesota.
July 1, 2005 — December 31, 2006.

Polasky, S. Landowner contact and incentives for Topeka shiner conservation. Minnesota
Department of Natural Resources. July 2003 — June 2004, $37,567.

Packer, C., S. Polasky, R. Holt, M. Coughenour, M. Ritchie. Biocomplexity of the
Greater Serengeti: humans in a biologically diverse ecosystem. National Science
Foundation, July 2003 — June 2006, $1,722,500.

Siegel, D., C. Costello, B. Kendall, S. Gaines, R. Warner, R. Hilborn, S. Polasky and K.
Winters. Disparate scales of process and nearshore fishery management. National Science
Foundation, September 2003 — August 2008, $1,995,951.

Polasky, S. and L. Westphal. Developing a collaborative modeling approach to assess
biological and economic effects of land use decisions and pollution mitigation. USDA
Forest Service, April 2003 — March 2008, $82,100.

Polasky, S. and R.G. Haight. Open space and property values: an urban economics model
with application to the Twin Cities Region. USDA Forest Service, September 2001 —
August 2003, $50,000.

Polasky, S. and B. Palik. Predicting ecological and social impacts of riparian landuse in a
north central lakescape. USDA Forest Service, September 2001 — August 2003, $88,488.

Packer, C. and S. Polasky. Serengeti: the origins and future of a complex ecosystem.
National Center for Ecological Analysis and Assessment, September 2001 — August
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2003.

Bolte, J., M. Santelmann, S. Polasky, P. Jepson, C. Smith and J. Li. Developing methods
and tools for watershed restoration design, implementation, and assessment in the
Willamette Basin, Oregon. U.S. Environmental Protection Agency, October 1998 —
September 2001, $883,550.

Montgomery, C., J. Arthur, S. Polasky and N. Shumaker. Land management with
biological and economic objectives. U.S. Environmental Protection Agency, October
1998 - December 2000, $131,089.

Montgomery, C., S. Polasky and J. Arthur. Land management with biological and
economic objectives. North Central Forest Experiment Station, U.S. Forest Service, July
1997- June 2002, $31,500.

Santlemann, M.V. G.E. Matzke, S. Polasky and K. Freemark. Modeling effects of
alternative landscape design and management on water quality and biodiversity in
Midwest agricultural watersheds. National Science Foundation and U.S. Environmental
Protection Agency, January 1997 - December 1999, $1,228,521.

Solow, A., J. Camm, B. Csuti, R. O'Connor and S. Polasky. Decision-making under
uncertainty in the conservation of biological diversity. National Science Foundation and
U.S. Environmental Protection Agency, September 1996 - August 1998, $271,463.

O'Neill, T. and M. Shaughnessy, facilitators, in collaboration with C. Bruce, B. Csuti, D.
Hulse, J. Kagan, J. Kimerling, S. Polasky, G. Sieglitz, S. Vickerman, M.J. Wevers, and
D. White. Multiscale biodiversity conservation: a prototype process for Oregon.
Submitted by Oregon Department of Fish and Wildlife, in association with Defenders of
Wildlife, Oregon Division of State Lands (Oregon Natural Heritage Program), Oregon
State University, University of Idaho, University of Oregon. U.S. Environmental
Protection Agency, October 1995-September 1997, $550,000.

Polasky, S. and J. Kerkvliet. Words and votes: comparing contingent valuation and
election results for a local environmental good. Oregon State University Research
Council, September 1995, $6,360.

Adams, R., Polasky, S., Solow, A., and Sampson, D. The value of improved ENSO
forecasts: a preliminary assessment of effects on fisheries in the Pacific Northwest.
Office of Global Programs, National Oceanic and Atmospheric Administration, May
1995-April 1996, $74,8009.
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Chomitz, K., S. Polasky, and A. Solow. Practical methodologies for measuring
biodiversity: application to conservation planning. World Bank Proposal Preparation

Grant, August 1994-February 1995, $12,000.

Broadus, J., A. Solow, and S. Polasky. On the measurement and valuation of biological
diversity. Environmental Protection Agency, August-October 1993, $25,000.

CONFERENCE, WORKSHOP AND SEMINAR PRESENTATIONS 1993-

“What are you going to do about it? The effects of uncertainty on climate change policy,”
Zurich Distinguished Visitor Community Colloquium, Bren School of Environmental
Science and Management, University of California, Santa Barbara, May 2015.

“Valuing the effects of agricultural practices on ecosystem services,” Conference on
Agricultural Productivity and the Environment, USDA Economic Research Service,
Washington, DC March 2015.

“Accounting for nature: Valuing ecosystem services,” International Conference on
Agricultural Productivity and the Environment, Farm Foundation, Washington, DC,
March 2015.

“Inclusive wealth as a metric of sustainable development,” Environmental and Resource
Economics Seminar, University of Minnesota, March 2015.

“Valuing ecosystem services and its role in conservation: What does conservation for

people really mean?” Conservation Biology Seminar, University of Minnesota, February
2015.

“Natural capital measures in national accounting,” Natural Capital and Ecosystem
Services Forum, Yale School of Forestry and Environment, Yale University, New Haven,
CT, February 2015.

“Make it fit,” ACES (A Community on Ecosystem Services), Linking Science, Practice
and Decision Making Conference, Arlington, VA, December 2014.

Panelist “Developing Standards for the Application of Ecosystem Services Valuation in
Cost-Benefit and Tradeoff Analysis Policy and Decision Tools,” ACES (A Community
on Ecosystem Services), Linking Science, Practice and Decision Making Conference,
Arlington, VA, December 2014.
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“Making ecosystem valuation count for national accounting,” ACES (A Community on
Ecosystem Services), Linking Science, Practice and Decision Making Conference,

Arlington, VA, December 2014.

Panelist in opening plenary session “Ecosystem Services: Key Advances and Challenges
in Linking Science, Practice , and Decision Making,” ACES (A Community on
Ecosystem Services), Linking Science, Practice and Decision Making Conference,
Arlington, VA, December 2014.

“The real sustainable agriculture: Feeding 9 billion and conserving nature,” Kathryn
Fuller Science for Nature Symposium, World Wildlife Fund, Washington, DC,
November 2014.

“Accounting for nature: Incorporating ecosystem services into societal decision-making,”
Kleber-Gery Lecture, St. Olaf College, Northfield, MN, November 2014.

“Projected land-use change impacts on ecosystem services in the U.S.,” Department of
Economics, St. Olaf College, Northfield, MN, November 2014.

“Budgeting for nature: Towards an economy that values natural capital,” Net Impact
Conference 2014, Minneapolis, November 2014,

“Accounting for nature: assessing and valuing ecosystem services,” Department of Earth
and Environmental Sciences, University of Minnesota, Duluth, MN, November 2014.

“Cooperation on climate change mitigation,” Environmental and Resource Economics
Seminar, University of Minnesota, November 2014,

“Inclusive wealth,” Gund Tea, Gund Institute of Ecological Economics, University of
Vermont, Burlington, VT, October 2014.

“Return on investment in conservation,” Agency of Natural Resources, Montpelier, VT,
October 2014.

“Getting to a global climate deal: Yes we can” Marsh Lecture, University of Vermont,
Burlington, VT, October 2014.

“Natural capital accounts: Aligning valuation methods for ecosystem goods, services and
natural capital with accounting principles,” Policy and Technical Expert Committee
Meeting, Wealth Accounting for the Value of Ecosystem Services, World Bank,
Washington, DC, October 2014.
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“Cooperation on climate change mitigation,” Department of Economics, University of
Calgary, October 2014.

“Should society put a price tag on nature?” Frontiers Talk, Institute on the Environment,
University of Minnesota, October 2014,

“Cooperation on climate change mitigation,” Developing the Next Generation of
Economic Models of Climate Change, Heller-Hurwicz Economics Institute, University of
Minnesota, September 2014.

“InVEST and the Natural Capital Project: Emerging economics of natural capital and
ecosystem services,” 2014 Clean Water Summit, Minnesota Landscape Arboretum,
September 2014.

“Setting the bar: Standards for ecosystem services,” Xi’an Jiao Tong University, Xi’an,
China, July 2014.

“Valuing ecosystem services & creating incentives to invest in natural capital,”
Ecosystems, Economy and Society: How Large-Scale Restoration Can Stimulate
Sustainable Development, National Academy of Sciences, Washington, DC, May 2014.

“Making nature count: Incorporating ecosystem services into societal decision-making,”
Resources for the Future, Washington, DC, May 2014.

“Accounting for nature: Incorporating ecosystem services into societal decision-making,”
The World Bank, Washington, DC, May 2014.

“Conserving while developing: Natural capital in South Africa,” Log Lunch, Williams
College, Williamstown, MA, May 2014.

“Implementing the optimal provision of ecosystem services,” Department of Economics,
Williams College, Williamstown, MA, May 2014.

“The optimal management of renewable resources under the risk of potential regime
shift,” Economics of Complex Systems, Royal Swedish Academy of Sciences,

Stockholm, April 2014.

“Making nature count: Incorporating ecosystem services into societal decision-making,”
Stellenbosch Institute for Advanced Studies, Stellenbosch, South Africa, April 2014.
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“Accounting for the value of nature: Assessing and valuing ecosystem services,”
Keynote talk, Soil’s Role in Restoring Ecosystem Services, Soil Science of America

Conference, Sacramento, CA, March 2014.

“Projected land-use change impacts on ecosystem services in the US,” Environmental
and Resource Economics Seminar, University of Minnesota, March 2014.

“Accounting for the value of nature: Assessing and valuing ecosystem services,”
Keynote talk, Sustainability Science Symposium and Workshop, University of Georgia,
Athens, GA, February 2014.

“Health and environmental costs of electricity production in Minnesota,” Webinar,
Center for Energy and Environment, Minneapolis, February 2014.

“What is the green economy? And how do we get one?” Frontiers in the Environment,
Institute on the Environment, University of Minnesota, February 2014.

“Values of ecosystem services in a changing environment,” Planning Meeting on Values
of Ecosystem Services and Climate Impacts in Decision-making, National Academies of
Sciences, Washington, DC, December 2013.

“Resilience and Gulf Recovery,” Webinar, National Academy of Sciences, December
2013.

“Minnesota land use scenarios and the value of ecosystem services,” Interagency
Guidelines Ecosystem Services Exploration Sessions, Council on Environmental Quality,
Washington, DC, November 2013.

“Climate change economics and uncertainty,” Paying the price for climate change,
Heller-Hurwitz Economics Institute, University of Minnesota, November 2013.

“Projected land-use change impacts on ecosystem services in the U.S.,” Gund Institute
and Rubenstein School of the Environment Seminar, University of Vermont, Burlington,
VT, October 2013.

“The main challenges to mainstreaming ecosystem services,” Marsh Lecture, University
of Vermont, Burlington, VT, October 2013.

“Biodiversity and ecosystem services in a world of 10 billion,” Workshop on
Sustainability Science: Can Earth’s and Society’s Systems Meet the Needs of 10 Billion
People? National Academy of Sciences, Washington, DC, September 2013.
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“Valuing nature: Incorporating ecosystem services into decision-making,” Enhancing
Mississippi Watershed Ecosystems with Perennial Bioenergy Crops, Minneapolis
September 2013.

“The value of ecosystem services related to water quality and water quantity,”
International Symposium on Ecohydrology, Biotechnology & Engineering. Lodz, Poland,
September 2013.

“InVEST,” Conservation Committee Meeting, The Nature Conservancy, Minneapolis,
May 2013.

“The science base necessary for incorporating ecosystem services into policy and
decision-making,” From promise to proof: How ecosystem services frameworks can
improve decision-making, White House Conference Center, Washington, DC, May 2013.

“Accounting for nature: Incorporating the value of ecosystem services into decision-
making,” National Academy of Engineering Regional Meeting, University of Minnesota,
April 2013.

“Approaches for ecosystem services valuation for the Gulf of Mexico after the Deepwater
Horizon oil spill,” National Academy of Sciences Annual Meeting, Washington, DC,
April 2013.

“Optimal conservation with spatially-dependent benefits and asymmetric information,”
Department of Economics, University of Wisconsin Milwaukee, Milwaukee, W1, April
2013.

“Value metrics and uncertainty: Unresolved issues in ecosystem services and
conservation,” USDA Economic Research Service, Washington, DC, April 2013.

“Valuing nature: Incorporating ecosystem services into decision-making,” Bren School of
the Environment, University of California Santa Barbara, April 2013.

“Economic-based projections of future land use,” Workshop on Recent and Projected
Land-Use Changes in Minnesota, Minnesota Department of Natural Resources, St. Paul,
March 2013.

“Implementing optimal conservation,” Natural Capital Meeting, Palo Alto, CA, March
2013.
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“Valuing nature: Incorporating ecosystem services into decision-making,” Christian
Johnson Lecture, Department of Economics, Colby College, March 2013.

“What are we paying for? Measuring the amount and value of ecosystem services,”
Workshop on Establishing Open Access Global Science Standards for Payment for
Ecosystem Services, Columbia University, New York, January 2013.

“The Natural Capital Project and decision-making under great uncertainty,” Experts
Workshop: Design of Economic Mechanisms for Ecosystems Conservation, Milken
Institute, Israel Center, Tel Aviv, January 2013.

“Economics of managing bio-invasions: optimal prevention, detection and control for
invasive species,” Workshop on Regulation and Economics of Invasive Alien Species:
Prevention and Management, Milken Institute, Israel Center, Tel Aviv, January 2013.

“Natural capital and its role in economic development,” South Asian Network for
Development and Environmental Economics (SANDEE) Bi-annual Meeting,
Kathmandu, Nepal, December 2012.

“Valuing nature: Introduction to InVEST,” Modeling Ecosystem Services Workshop,
South Asian Network for Development and Environmental Economics (SANDEE),
Kathmandu, Nepal, December 2012.

“The role of natural capital in economic development,” Second Myanmar Forum on
Green Economy and Green Growth, Nay Pyi Taw, Myanmar, November 2012.

“InVEST,” Second Myanmar Forum on Green Economy and Green Growth, Nay Pyi
Taw, Myanmar, November 2012.

“Tradeoffs in the provision of ecosystem services and biodiversity,” Eco-Summit,
Columbus, OH, October 2012.

“Can other forms of capital substitute for natural capital?” Eco-Summit, Columbus, OH,
October 2012.

“Are investments to promote biodiversity conservation and ecosystem services aligned?”
Environmental and Resource Economics Seminar, University of Minnesota, September
2012.

“Valuing nature: Incorporating ecosystem services into decision-making,” Applied
Economics Centennial, University of Minnesota, September 2012.
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“EPA and sustainability,” Keynote address, Environmental Measurement Symposium,
Washington, DC, August 2012.

“What is needed to mainstream ecosystem services,” Keynote address, Ecosystem
Services Partnership Conference, Portland, OR, August 2012.

“Ecosystem services: valuation and human well-being,” Xi’an Jiaotong University,
Xi’an, China, June 2012.

“Valuing nature: techniques and limits,” Ecosystem Services Workshop, Chinese
Academy of Sciences, Beijing, China, June 2012.

“Policy implications of regime shifts,” Economics of Environmental Regime Shifts,
Beijer Institute Short Course, Prague, Czech Republic, June 2012.

“Valuing nature: Incorporating ecosystem services into decision-making,” Keynote
address, INTECOL (International Wetlands Conference), Orlando, FL, June 2012.

“A general model of optimal management under potential regime shift,” Association of
Environmental and Resource Economics Annual Meeting, Asheville, NC, June 2012.

“Applying INVEST: Incorporating ecosystem services and natural capital into national

accounts,” Wealth Accounting and Valuation of Ecosystem Services Second Partnership
Meeting, World Bank, Washington, DC, April 2012.

“Modeling ecosystem services,” BEST-Net Workshop, London, U.K., March 2012,

“Accounting for nature: Mapping and valuing ecosystem services with INVEST,” Planet
under Pressure, London, U.K., March 2012.

“Linking biodiversity, ecosystem services, and economics,” Plenary talk, TEEB
Conference 2012: Mainstreaming the Economics of Nature: Challenges for Science and
Implementation, Leipzig, Germany, March 2012.

“The Natural Capital Project: Experience with applying the INVEST software in local
decision-making,” TEEB Conference 2012: Mainstreaming the Economics of Nature:
Challenges for Science and Implementation, Leipzig, Germany, March 2012.

“Valuing nature: incorporating ecosystem services into decision-making,” Portland State
University, March 2012.
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“Optimal management with potential regime shift,” Department of Agricultural and
Resource Economics, Oregon State University, March 2012.

“Ecosystem services, economics, and conservation,” Minnesota Society for Conservation
Biology, West St. Paul, MN, March 2012.

“Uncertainty and climate change economics,” Princeton University, March 2012.

“Valuing nature: incorporating ecosystem services into decision-making,” Keynote
address, Upper Midwest Stream Restoration Symposium, Minneapolis, March 2012.

“Ecosystem management in an era of global change,” Minnesota Society for
Conservation Professionals Meeting, Camp Ripley, MN, March 2012.

“Advances in ecosystem service valuation and implications for wetland management,”
Delaware Wetlands Conference, Dover, DE, February 2012.

“Make it fit: Supporting a decent standard of living within planetary boundaries,”
American Association for the Advancement of Science Annual Meeting, Vancouver, BC,
February, 2012.

“Watershed-scale full-cost accounting,” Minnesota River Integrated Watershed Study
Interagency Study Team Meeting - Modeling Focus Group, University of Minnesota,
December 2011.

“Closing the gap between development and conservation,” Ecosystem Services & Human
Well-Being, Rockefeller Foundation & Stanford University Uncommon Dialogues,
Woods Institute for the Environment, Stanford University, December 2011.

“Valuing nature: incorporating ecosystem services into decision-making,”
Environmental Science and Policy Program Distinguished Lecture Series, Michigan State
University, December 2011.

“Optimal conservation with spatially-dependent benefits and asymmetric information,”
Agricultural, Food, and Resource Economics Department, Michigan State University,
December 2011.

“Decision-making under great uncertainty: environmental management in an era of
global change,” Kellogg Biological Station, Michigan State University, December 2011.
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“Valuing nature: incorporating ecosystem services into decision-making,” Keynote
address, International Forum for Ecosystem Adaptability Science 111, Adaptability of

Human Societies to Perturbations, Sendai, Japan, November 2011.

“Decision-making under great uncertainty: environmental management in an era of
global change,” Workshop of Economics of Biodiversity and Ecosystem Services,
Tohoku University, Sendai, Japan, November 2011.

“Valuing ecosystem services,” Water Resources Seminar, University of Minnesota,
October 2011.

“Valuing ecosystem services,” University of Minnesota Extension Program Conference,
Bloomington, MN, October 2011.

“Ecosystem services, biodiversity and welfare,” 13™ Annual BIOECON Conference,
Keynote Address, Geneva, Switzerland, September 2011.

“The value of ecosystem services,” Institute of Ecology, Chinese Academy of Sciences,
Beijing, China, August 2011.

“Working on the grand challenges in environmental science and policy: the role of
environmental economics,” Keynote Address, Camp Resources, Wrightsville Beach, NC,
August 2011.

“Valuing nature: incorporating ecosystem services into decision making,” Moore
Foundation, Palo Alto, CA, May 2011.

“Valuing nature: incorporating ecosystem services into decision-making,” Minnesota
Chapter of the American Association of Landscape Architects, Minneapolis, April 2011.

“Integrating ecology and economics to value ecosystem services,” Keynote Address, Life
Sciences Week, University of Missouri, Columbia, MO, April 2011.

“Economics of ecosystem services and biodiversity,” Short Course (series of lectures),
Latin American and Caribbean Environmental Economics Program, CATIE, Turriaba,
Costa Rica, April 2011.

“Cooperation on climate change mitigation,” Environmental and Resource Economics
Seminar, Department of Applied Economics, University of Minnesota, March 2011.

“Valuing nature: Incorporating ecosystem services into policy and decision-making,”
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Swedish Parliamentary All-Party Committee on Environmental Objectives, Stockholm,
March 2011.

“Natural capital and human well-being,” Research Frontiers in Sustainability Science:
Bridging Disciplines and Practices, American Association for the Advancement of
Science Annual Meeting, Washington, DC, February 2011.

“Complex adaptive systems and the challenge of sustainability,” US Seminar on
Initiatives for Sustainability: Preparing for the Rio 2012 Earth Summit, American
Association for the Advancement of Science Annual Meeting, Washington, DC, February
2011.

“Measuring and valuing natural assets,” Workshop on Measuring Food Insecurity and
Assessing the Sustainability of Global Food Systems, Keck Center of the National
Academies, Washington, DC, February 2011.

“Analyzing tradeoffs,” Workshop on Designing a Global Monitoring Network, Bill and
Melinda Gates Foundation, Seattle, WA, January 2011.

“Valuing nature: incorporating ecosystem services into decision-making,” School of Life
Sciences, Arizona State University, Tempe, AZ, November 2010.

“Valuing nature: incorporating ecosystem services into decision-making,” Plenary talk,
Minnesota Water Resources Conference, St. Paul, MN, October 2010.

“Ecosystem services: provision, value and policy,” Plenary talk, Land Systems, Global
Change and Sustainability, Global Lands Project Open Science Meeting, Tempe, AZ,
October 2010.

“Ecosystem services and conservation,” Biology Department Seminar, University of St.
Thomas, St. Paul, MN, October 2010.

“Valuing nature to improve environmental decision-making,” Legislative-Citizen
Commission on Minnesota Resources, St. Paul, MN, September 2010.

“Implementing optimal conservation,” Environmental and Resource Economics Seminar,
Department of Applied Economics, University of Minnesota, September 2010.

“Full cost accounting for liquid transportation fuels: Ethanol and gasoline,” Strategic
Directions in Social, Legal and Environmental Dimensions of Research on Biofuels,
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Energy Biosciences Institute, University of Illinois, Champaign-Urbana, IL, September
2010.

“Modeling provision and value of multiple ecosystem services from landscapes,”
Workshop on Scale, Location, and Spatial Interactions in the Economic Analysis of
Multi-Functional Natural Resources: Lessons for Forestry, Nancy, France, September
2010.

“Valuing nature in a changing world,” Ecological Society of America Annual Meeting,
Pittsburgh, PA, August 2010.

“The impact of land-use change on ecosystem services, biodiversity and returns to
landowners: a case study in the State of Minnesota,” World Congress of Environmental
and Resource Economists, Montreal, Canada, July 2010.

“Climate change and ecosystem services: impacts and adaptation,” Sustainability Science
for Food, Forests and Floods: Integrating Climate Adaptation and Pro-Poor Resource
Management, University of Hawaii, Honolulu, HI, May 2010.

“Comparing the full costs of ethanol and gasoline,” Bioenergy Camp 2010, sponsored by
the Biobased Industry Center, lowa State University, Perry, 1A, May 2010.

“Ecosystem services and conservation.” Minnesota Department of Natural Resources, St.
Paul, MN, May 2010.

“Inclusive wealth, natural capital and ecosystem services.” Occasional series on research
in sustainability science, Institute on the Environment, University of Minnesota (in
conjunction with Harvard, Princeton, Florida International, Arizona State and UNAM-
Mexico), April 2010.

“Optimal management with potential regime shift.” Environmental and Resource
Economics Seminar, Department of Applied Economics, University of Minnesota, March
2010.

“The impact of land use change on ecosystem services, biodiversity and returns to
landowners.” Minnesota Chapter of the Society for Conservation Biology Annual
Meeting, Brainerd, MN, March 2010.

“Coming down to earth: valuing nature for better decisions.” Distinguished Fellows
Address, Australian Agricultural & Resource Economics Society Annual Conference,
Adelaide, February 2010.
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“Coming down to earth: valuing nature to improve environmental decision-making.”
Teale Lecture, University of Connecticut, Storrs, CT, November 2009.

“Conservation economics.” Environmental and Resource Economics Seminar,
Department of Applied Economics, University of Minnesota, November 2009.

“Mind the gap: building bridges to mainstream the value of ecosystem services in
everyday decisions.” Frontiers in the Environment, Institute on the Environment,
University of Minnesota, October 2009.

“Roundtable on the TEEB-initiative on the economics of ecosystems and biodiversity;
scientific and practical challenges in framing the economics of ecosystem services.”
DIVERSITAS Open Science Conference 2, Cape Town, South Africa, October 2009.

“A landscape level analysis of trade-offs and synergies on carbon sequestration and
biodiversity conservation.” DIVERSITAS Open Science Conference 2, Cape Town,
South Africa, October 2009.

“Effective governance for ‘mainstreaming’ ecosystem services.” DIVERSITAS Open
Science Conference 2, Cape Town, South Africa, October 20009.

“Mainstreaming ecosystem services.” Ecology and Evolution Seminar, University of
California, Davis, October 2009.

“Valuing marine ecosystem services in practice.” The Value of Our Marine Environment,
Stockholm, September 2009.

“Ecosystem services: accounting for the value of nature in decision-making.” Visions of
a Sustainable Mississippi River: The Confluence of Ecological, Economic and Cultural
Values, Collinsville, IL, August 2009.

“Biodiversity roundtable.” European Association of Environmental and Resource
Economists Annual Meeting, Amsterdam, June 2009.

“Challenges of integrating ecology and economics in cost-benefit analysis.” European

Association of Environmental and Resource Economists Annual Meeting, Amsterdam,
June 2009.
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“Integrating economic and ecological models: application to mapping and valuing
ecosystem services.” Keynote Address, Ulvon Conference on Environmental Economics,

Ulvon, Sweden, June 20009.

“Mainstreaming ecosystem services — quantification, valuation and local policy.”
Ecosystem Services — a tool for sustainable development, Kristianstad, Sweden, June
2009.

“Integrating ecological and economic models in the analysis of ecosystem services and
biodiversity conservation.” Department of Economics Ca’ Foscari University, Venice,
May 20009.

“Comparing the costs of ethanol and gasoline.” Environmental Economics Seminar, Yale
University, April 2009.

“The science, economics and institutions of managing and paying for ecosystem
services,” Short course (series of lectures), South Asia Network for Development and
Environmental Economics and Economy and Environmental Program for Southeast Asia,
Chang-Mai, Thailand, April 2009.

“Mind the gap: building bridges to mainstream the value of ecosystem services in
everyday decision-making.” Stockholm Seminar, Stockholm, March 2009.

“Valuing nature: ecosystem services and biodiversity.” Twenty-first Century Ecosystems:
Systematic Risk and the Public Good: A National Academies Symposium on the Science
and Policy for Managing the Living World Two Centuries after Darwin, Washington,
DC, February 2009.

“The efficiency of voluntary incentive policies for preventing biodiversity loss.”
Department of Economics, Gothenburg, Sweden, January 20009.

“Mapping and valuing ecosystem service.,” Conservation Learning Exchange, The
Nature Conservancy, Vancouver, Canada, October 2008.

“Cost of maintaining global biodiversity security under climate change.” TIUCN World
Conservation Congress, Barcelona, Spain, October 2008.

“Land use, conservation and ecosystem services.” Helmholtz Centre for Environmental
Research — UFZ, Leipzig, Germany, September 2008
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“Land use, conservation and ecosystem services.” Landscape/Seascape Lab Seminar
Series, Stockholm Resilience Centre, Stockholm, Sweden, September 2008

“Biofuels, carbon and air pollution: comparing the full cost of renewable and
conventional fuels.” Metropolitan Energy Policy Coalition, Minnesota Association of
Counties, St. Paul, MN, August 2008.

“Land use, conservation and ecosystem services.” The Nature Conservancy, Minneapolis,
MN, July 2008.

“Valuing ecosystem services of Great Lakes.” Society for Conservation Biology Annual
Meeting, Chattanooga, TN, July 2008.

“The full cost of ethanol versus gasoline,” Society for Conservation Biology Annual
Meeting, Chattanooga, TN, July 2008.

“Integrating ecological and economic models.” Society for Conservation Biology Annual
Meeting, Chattanooga, TN, July 2008.

“Conservation economics: a quick tour of economics relevant for conservation biology.”
Society for Conservation Biology Annual Meeting, Chattanooga, TN, July 2008.

“Land use, conservation and ecosystem services.” USGS EROS Lab, Sioux Falls, SD,
June 2008.

“Biofuels and the environment,” Institute on the Environment Roundtable, University of
Minnesota, May 2008.

“Spatial externalities,” Environmental and Resource Economics Seminar, Department of
Applied Economics, University of Minnesota, April 2008.

“Climate change and the economic and ecological aspects of energy use: the case of
biofuels,” University of Wisconsin Milwaukee Conference on Climate Change and

Sustainable Development, Milwaukee, W1, April 2008.

“Land use, conservation and ecosystem services,” Sustaining the Flow of Wealth in
Northeast Minnesota, University of Minnesota, Duluth, April 2008.

“Biofuels and the environment,” Twin Cities Agricultural Roundtable, Minneapolis,
April 2008.
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“A full cost accounting framework for load-reduction planning,” 2008 Lake Pepin TMDL

Policy Forum, Red Wing, MN, April 2008.

“Modeling multiple ecosystem services and tradeoffs at landscape scales,” University of
Nebraska, March 2008.

“Politics before science: the case of biofuels,” Environmental Law and Economics
Workshop, University of Arizona, March 2008.

“Land clearing and the biofuel carbon debt,” Environmental and Resource Economics
Seminar, Department of Applied Economics, University of Minnesota, February 2008.

“Valuing ecosystem services: the good, the bad and the ugly,” National Center for
Ecological Analysis and Synthesis, Santa Barbara, CA, February 2008.

“Indicators, services and values,” Economics and Conservation in the Tropics: A
Strategic Dialogue, Gordon and Betty Moore Foundation, San Francisco, February 2008.

“Cap-and-trade 101,” Minnesota Legislature, January 2008.

“The promise and pitfalls of biofuels,” Department of Civil Engineering, University of
Minnesota, December 2007.

“Energy policy and the full costs of energy use,” E3 2007: The Midwest's Premiere
Energy, Economic, and Environmental Conference, University of Minnesota, November
2007.

“A model of inspection, detection and control of invasive species,” Economic and
Ecological Science and Management of Invasive Species, Arizona State University,
Tempe, AZ, October 2007.

“The full cost of biofuels,” Minnesota Economic Association, Macalester College, St.
Paul, MN, October 2007.

“Economics and invasive species,” Workshop on Invasive Species Management,
Michigan State University, East Lansing, MI, October 2007.

“Integrating ecological and economic analysis,” Economics and Ecosystems Workshop,
San Francisco State University, October 2007.

Page 44



PUC Docket No. E-999/CI-14-643 Dr. Stephen Polasky Direct Testimony
OAH Docket No. 80-2500-31888 Clean Energy Organizations
Schedule 1
Exhibit

“Bioeconomics of biofuels: environmental and economic consequences of shifting to
biomass energy,” Symposium of the American Ecological Research Centers, Smithsonian

Institution, Washington, DC, September 2007.

“Comparing the ecological economics of biofuel crops,” Ecosystem Science: Informing a
Sound Bioenergy Policy, Congressional Briefing, Washington, DC, September 2007.

“Maximizing return on investment in conservation,” Environmental and resource
economics seminar, University of Minnesota, September 2007.

“Mapping and valuing ecosystem services: What do we know? What do we need to
know?”” Ecological Society of America Annual Meeting, San Jose, CA, August 2007.

“Biodiversity and ecosystem services,” 2007 European Summer School in Resource and
Environmental Economics, Venice, July 2007.

“Efficiency of incentives to provide ecosystem services,” Society for Conservation
Biology Annual Meeting, Port Elizabeth, South Africa, July 2007.

“Conservation economics: a quick tour of economics relevant for conservation biology,”
Short Course, What Do Social Sciences have to Offer, Society for Conservation Biology
Annual Meeting, Port Elizabeth, South Africa, July 2007.

“Ecosystem services: provision, valuation and incentives,” Ecological Research Lecture
Series, US EPA, Washington, DC, June 2007.

“Notes on valuing ecosystem services,” Natural Capital Workshop, World Wildlife Fund,
Washington, DC, June 2007.

“Notes on valuing ecosystem services,” Natural Capital Workshop, The Nature
Conservancy, Arlington, VA, June 2007.

“Economics of ecosystem services,” Workshop on Ecosystem Services, DIVERSITAS,
Paris, May 2007.

“Emerging environmental issues: how you can make a difference,” Commencement
Address, College of Food, Agriculture and Natural Resource Sciences, University of
Minnesota, May 2007.

“Incorporating ecosystem services and biodiversity conservation into landscape-level
planning,” Conservation Biology Seminar, University of Minnesota, April 2007.
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“Where to put things: spatial management with biological and economic objectives,”
Keynote address, Inver Hills Community College Faculty Retreat, St Paul, MN, April
2007.

“Where to put things: spatial management with biological and economic objectives,”
Department of Economics, University of Calgary, Alberta, Canada, March 2007

“Implementing protected areas on a working forest landscape,” Workshop on Incentives
for Biodiversity Conservation on Public Forest Land, Banff, Alberta, Canada, March
2007.

“Where to put things: spatial management with biological and economic objectives,”
Department of Economics, University of Central Florida, Orlando, FL, March 2007.

“Bioeconomics of biofuels: grassland restoration and renewable energy,” 6™ Annual
LTER Mini Symposium, National Science Foundation, Arlington, VA, March 2007.

“Space: the final frontier. Comments on Smith, Wilen and Sanchirico.” Frontiers in
Environmental Economics, Resources for the Future, Washington, DC, February 2007.

“Thinking clearly about ecosystem services,” Ecosystem Services in Latin America and
the Caribbean,” Cartagena, Colombia, February 2007.

“Biodiversity conservation and ecosystem services,” Keynote address, Understanding
Agriculture’s Effects on Amphibians and Reptiles in a Changing World, St. Louis, MO,
February 2007.

“Economics and agriculture: past, present and future,” Understanding Agriculture’s
Effects on Amphibians and Reptiles in a Changing World, St. Louis, MO, February 2007.

“Where to put things: spatial management with biological and economic objectives,”
Environmental and Resource Economics Seminar, University of Minnesota, February
2007.

“Where to put things: spatial management with biological and economic objectives,”
Nicholas School of the Environment, Duke University, January 2007.

“Valuing natural resources and economic incentives,” Economics for Natural Resource
Managers, Minnesota Chapter of the American Fisheries Society, St. Cloud, MN,
December 2006.
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“The economics of ecosystem services: influencing policy with science,” Conservation in
Science and Practice Conference, The Nature Conservancy, Tucson, AZ, November
2006.

“The supply of terrestrial carbon sequestration in Minnesota,” Minnesota Terrestrial
Carbon Sequestration Workshop: Carbon and the Minnesota Landscape, November 2006.

“Economics and sustainability: an oxymoron?” Inaugural faculty seminar on teaching
sustainability, University of Minnesota Sustainability Program, November 2006.

“Mapping the economic flow of ecosystem services,” Kathryn Fuller Science for Nature
Symposium, World Wildlife Fund, Washington DC, October 2006.

“Biodiversity conservation and ecosystem services,” Environmental and Resource
Economics Seminar, University of Minnesota, October 2006.

“Where to put things? Spatial land management with biological and economic
objectives,” Plenary Talk, 8" Annual Bioeconomics Conference, Cambridge, UK, August
2006.

“Biodiversity conservation and ecosystem services,” Plenary Lecture, World Congress of
Environmental and Resource Economists, Kyoto, Japan, July 2006.

“Valuing ecosystem services,” International Rivers Conference, La Crosse, W1, June
2006.

“Valuing ecosystem services,” Plenary Lecture, American Institute of Biological
Sciences Annual Meeting, Washington, DC, May 2006.

“Desperately seeking alternatives: where will sustainable energy supply come from?” A
Balance for the Future: The Science of Sustainability, St. Olaf College Honors Day
Science Symposium, Northfield, MN, May 2006.

“Environmental regulation in a dynamic model with uncertainty and investment,”
Environmental and Resource Economics Seminar, University of Minnesota, April 2006.

“Environmental regulation in a dynamic model with uncertainty and investment,”
National Bureau of Economic Research, Cambridge, MA, April 2006.
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“Conservation economics: decision-making with irreversible consequences,” Keynote
Address, Frontiers in natural resource economics: a symposium honoring the career of

Richard C. Bishop, University of Wisconsin, March 2006.

“Environmental policy workshop,” Minnesota Pollution Control Agency, St. Paul, MN,
February 2006.

“The apparent and true costs of toxicity,” Minnesota Air, Water and Water
Environmental Conference, Bloomington, MN, February 2006.

“Valuing ecosystem services,” Millennium Ecosystem Assessment Interdisciplinary
Workshop and Seminar Series, University of Michigan, January 2006.

“Where to put things? Spatial land management with biological and economic
objectives,” Iowa State University, November 2005.

“Linking humans and ecosystems: an integrated modeling approach to the Serengeti
Ecosystem,” DIVERSITAS Open Science Conference, Oaxaca, Mexico, November 2005.

“Biodiversity and ecosystem services,” DIVERSITAS Open Science Conference,
Oaxaca, Mexico, November 2005.

“Principles for cost-effective monitoring of ecosystem services,” Workshop on valuation
of ecosystem services in agriculture, Michigan State University, October 2005.

“Ecological and economic constraints to the sustainability of agriculture” Conference on
Sustainable Development: Global Priorities, Local Applications, University of
Minnesota, Crookston, October, 2005.

“Environmental economics of pollinator decline,” Workshop on Status of Pollinators in
North America, National Research Council, Washington, DC, October 2005.

“Spatial bioeconomics under uncertainty,” Heartland Environmental Resource
Economics Workshop, lowa State University, September 2005.

“Spatial bioeconomics under uncertainty,” Environmental and Resource Economics
Seminar, University of Minnesota, September 2005.

“What do economists need from ecologists for valuing ecosystem services?”” Ecological
Society of America Annual Meeting, Montreal, August 2005.
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“Where to put things? Spatial land management with biological and economic
objectives,” AERE 2005 Summer Workshop, Jackson, WY, June 2005.

“Defining biodiversity conservation objectives: implications for efficient conservation
strategies,” Integrating Economics and Ecology Conference, Santa Fe, NM, April 2005.

“Defining biodiversity conservation objectives: implications for efficient conservation
strategies,” Department of Agricultural Economics, North Carolina State University,

January 2005.

“Full cost accounting for alternative energy sources,” Initiative for Renewable Energy
and the Environment Conference, University of Minnesota, November 2004.

“Linking humans and ecosystems: an integrated modeling approach,” Conservation
Biology Seminar, University of Minnesota, November 2004.

“Diversity and Ecosystem Services,” Integrated modeling of economies and ecosystems,
DIVERSITAS Workshop, Paris, November 2004.

“Diversity and Ecosystem Services,” Bren School of the Environment, University of
California at Santa Barbara, October 2004.

“Valuing wetlands using evidence from property values,” Water Resources Seminar,
University of Minnesota, September 2004.

“Conserving species on a working landscape: conservation with biological and economic
objectives” International Ecological Economics Society Meeting, Montreal, CA, July
2004.

“Using the coupled human-natural systems model for policy and management,”
Serengeti Biocomplexity Conference, Seronera, Tanzania, June 2004.

“Dynamic conservation strategy,” Spatial Aspects of Reserve Design Optimization under
Economic Constraints, Abdus Salam International Centre for Theoretical Physics,
Trieste, Italy, April 2004.

“Linking humans and ecosystems: an integrated modeling approach,” Biocomplexity
Research Group, Colorado State University, Ft. Collins, CO, March 2004.

“Conserving species on a working landscape: conservation with biological and economic
objectives,” Department of Agricultural Economics, Colorado State University, Ft.
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Collins, CO, March 2004.

“Valuing wetlands using evidence from property values,” Minnesota Water 2004: Policy
and Planning to Ensure Minnesota’s Water Supplies, Minneapolis, MN, March 2004.

“Environmental regulation with innovation and learning: rules versus discretion,”
Department of Economics, Laval University, Quebec, Canada, March 2004.

“Conserving species on a working landscape: conservation with biological and economic
objectives,” Department of Economics, University of Quebec at Montreal, Montreal,

Canada, March 2004.

“Conserving species on a working landscape: conservation with biological and economic
objectives,” Geography Department, University of Minnesota, November 2003.

“Three challenges in conservation planning: incorporating dynamics, uncertainty and
opportunity cost,” Department of Biology, University of St. Thomas, St. Paul, MN, July
2003.

“Scale, travel and disease,” Conference on Bioinvasions, University of Wyoming,
Laramie, WY, June 2003.

“Comparing invasive species and habitat loss as threats to biodiversity: economic and
policy considerations,” Economics of Invasive Species Workshop, Economic Research
Service, Washington, DC, May 2003.

“Scale and disease,” Frontiers in Natural Resource and Environmental Economics: A
Conference in Honor of Gardner M. Brown, University of Washington, Seattle, WA,
April 2003.

“Three challenges in conservation planning: incorporating dynamics, uncertainty and
opportunity cost,” Biodiversity Seminar, Oregon State University, April 2003.

“Setting priorities for conserving biological diversity,” Ecology Center, Utah State
University, December 2002.

“What (if anything) can ecologists learn from economics?”’ Ecology Center, Utah State
University, December 2002.

“Ecosystem goods and services and their limits: the roles of biological diversity and
management practices,” Symposium on Scarcity and Growth in the New Millenium,
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Resources for the Future, Washington, DC, November 2002.

“What ecologists should learn from economics,” Heartland Environmental Resource
Economics Workshop, lowa State University, September 2002.

“Marketable pollution permits with large firms or a large market,” Department of
Economics, University of Michigan, September 2002.

“Trade, land use and species conservation,” Department of Agricultural Economics,
Michigan State University, September 2002.

“Trade, land use and species conservation,” Workshop on Trade, Renewable Resources
and Biodiversity, Tilburg, The Netherlands, September 2002.

“Reconsidering ‘Conservation Reconsidered,”” World Congress of Environmental and
Resource Economists. Monterey, CA, June 2002.

“Dynamic reserve site selection,” World Congress of Environmental and Resource
Economists. Monterey, CA, June 2002.

“Valuing urban wetlands,” Workshop on Urban Wetlands: Sustaining Multiple
Functions, Portland, OR, May 2002.

“In the long run are we all dead? Dynamic considerations in biodiversity conservation”
Department of Economics, Georgia State University, April 2002.

“Cooperation in the commons,” Department of Economics, Emory University, April
2002.

“Diversity, productivity and stability in the economies of humans and nature,”
Department of Agricultural and Applied Economics, University of Wisconsin, February
2002.

“The economic value of groundwater when quantity is an issue,” Minnesota Ground
Water Association Fall Conference, St. Paul, November 2001.

“Valuation of biodiversity,” Chicago Wilderness Sustainability Team Meeting on the
Economic Valuation of Biodiversity, Chicago, November 2001.

“Dynamic reserve site selection,” Environmental and Resource Economics Seminar,
University of Minnesota, October 2001.
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“Cooperation in the commons,” Heartland Environmental Economics Workshop, Ames,
IA, September 2001.

“Comments on the White Paper on Improving Environmental Benefits Analysis,”
Improving Environmental Benefits Analysis Workshop, U.S. Army Corp of Engineers,
Boulder, CO, July 2001.

“Policy perspectives on adaptive management of terrestrial systems,” Conference on
Adapting Adaptive Management, Santa Barbara, CA, May 2001.

“Integrating uncertainty and cost into setting conservation priorities,” Center for
Environmental Science and Policy, Stanford University, May 2001.

“Dynamic reserve site selection,” Center for Conservation Biology, Stanford University,
May 2001.

“Dynamic reserve site selection,” Economics of Biodiversity Conference, Santa Barbara,
CA, May 2001.

“Property values and water resources,” Minnesota Lakes and Rivers Conference,
Brainerd, MN, May 2001.

“Setting priorities for species conservation: biological and economic consideration,”
Environmental Sciences Lecture Series, Macalester College, March 2001.

“Diversity, productivity and stability in the economies of humans and nature,”
Environmental and Resource Economics Seminar, University of Minnesota, February
2001.

“Integrating detailed economic and biological information into large-scale conservation
plans,” Association of Environmental and Resource Economists Session, Allied Social
Science Association Meetings, New Orleans, LA, January 2001.

“Nature Reserve Selection to Maximize Expected Species Coverage,” Economics
Department, lowa State University, December 2000.

“Nature Reserve Selection to Maximize Expected Species Coverage,” Environmental
Economics Seminar, Columbia University, November 2000.

“Integrating Detailed Economic and Biological Information into Large-Scale
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Conservation Plans,” Department of Applied Economics and Management, Cornell
University, November 2000.

“Private and Social Incentives for Conservation: What are the Prospects for Alignment?”
Biodiversity and Land Use Workshop, Resources for the Future, Washington, DC,
October 2000.

“Integrating Detailed Economic and Biological Information into Large-Scale
Conservation Plans,” Canadian Resource and Environmental Economics 10" Annual
Conference, University of Guelph, October 2000.

“Analysis of the Threshold and Expected Coverage Approaches for the Probabilistic
Reserve Selection Problem,” Environmental and Resource Economics Seminar,
University of Minnesota, October 2000.

“Valuing Wetlands,” Department of Geology and Geophysics, University of Minnesota,
September 2000.

“Ecology, Economics, and Ecological Economics,” Heartland Environmental and
Resource Economics Workshop, lowa State University, September 2000.

“Characterization, Quantification and Valuation of Ecosystem Services,” A Workshop on
Estimating the Economic Values and Impacts of Water-Resources Projects in the
Mississippi River Basin, Memphis, TN, September 2000.

“Renewable Resource Management with Environmental Prediction,” International
Institute of Fisheries Economics and Trade Conference, Corvallis, OR, July 2000.

“Setting Priorities for Species Conservation: Biological and Economic Consideration,”
Environmental Policy Initiative Seminar, Ohio State University, May 2000.

“Strategic Interaction in Tradable Permit Markets,” Department of Agricultural, Resource
and Development Economics, Ohio State University, May 2000.

“Setting Priorities for Species Conservation: Biological and Economic Consideration,”
Environmental Horizons 2000 Conference, University of Illinois, March 2000.

“Comparing Taxes and Marketable Permits with Strategic Firms,” Environmental and
Resource Economics Seminar, University of Illinois, March 2000.

“Strategies for Choosing Sites to Conserve Biodiversity,” Joint session of the Western
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Regional Science Association and the W-133 Regional Research Project Meetings,
Kauai, Hawaii, February 2000.

“Signaling Information about Resource Stocks,” Department of Applied Economics,
University of Minnesota, January 2000.

“Choosing Sites to Conserve Species with Incomplete Information,” GREEN-CIRANO
Conference on Ecology and Economics, Quebec, December 1999.

“Land Management with Biological and Economic Objectives,” Economic Analysis and
Land Use Policy Conference, sponsored by US EPA, Washington, DC, December 1999.

“Measuring Diversity,” Conservation Biology Seminar, University of Minnesota,
November 1999.

“Choosing Reserve Sites to Conserve Species: Incorporating Cost and Uncertainty,”
Department of Applied Economics, University of Minnesota, October 1999.

“Conserving Biological Diversity with Incomplete Information,” Department of
Economics, University of Michigan, October 1999.

“Modeling Effects of Alternative Landuse on Biodiversity, Water Quality, and Farm
Profit in Midwest Agricultural Watersheds,” Heartland Environmental and Resource
Economics Workshop, lowa State University, September 1999.

“Electricity Restructuring,” Painting the White House Green Conference, University of
Wyoming, September 1999.

“Biodiversity Conservation,” Rural Landuse Workshop, University of Maine, July 1999.
“Selecting Biological Reserves Cost-Effectively: An Application to Terrestrial
Vertebrate Conservation in Oregon,” Pacific Northwest Environmental Economics

Conference, University of Oregon, May 1999.

“Investment, Information Collection and Endangered Species Conservation on Private
Land,” Environmental Law Seminar, University of Pennsylvania, April 1999.

“Analyzing Biodiversity Conservation: Land Management with Biological and Economic
Objectives, U.S. Forest Service, Washington, DC, April 1999.

“Integrating Ecology and Economics with Application to Biodiversity Conservation,”
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University of Minnesota, March 1999.

“Species Conservation on Private Land,” Environmental Law Conference, University of
Oregon, March 1999.

“Conservation of Biological Diversity with Scarce Resources,” Department of Ag &
Resource Economics, University of Maryland, December 1998.

“Economics Approaches to Conservation,” Meeting of the President’s Committee of
Advisors on Science and Technology, Washington, DC, November 1998.

“Decision-Making under Uncertainty in the Conservation of Biological Diversity,”
Valuing and Managing Ecosystems: Economic Research Sponsored by NSF/EPA,
Washington, DC, October 1998.

“Integrating Ecology and Biology with Economics,” Frontier Seminar, American
Agricultural Economics Annual Meeting, Salt Lake City, UT, August 1998.

“Conserving Biodiversity: Measurement, Valuation and Management Issues,” The Fifth
Ulvon Conference on Environmental Economics, Ulvon, Sweden, June 1998.

“Conserving Biological Diversity with Scarce Resources,” Department of Economics,
UCLA, May 1998.

“Conservation Priorities with Budget Constraints and Uncertainty,” Biodiversity
Research Consortium Meeting, U.S. E.PA., Corvallis, OR, May 1998.

“The Value of Biodiversity,” National Parks and Reserves in the Global Ecosystem,
Yellowstone National Park 125" Anniversary Symposium, Bozeman, MT, May 1998.

“Conserving Biodiversity Under a Budget Constraint,” Institute for Operations Research
and the Management Sciences (INFORMS) Meeting, Montreal, April 1998.

“Conserving Endangered Species with Limited Budgets,” Hatfield Marine Science
Center, Newport, OR, April 1998.

“Economic Issues in Conserving Species,” Workshop on the Human Dimensions of
Forest Management, Canadian Forestry Service, Montreal, March 1998.

“On The Marginal Value of Species and Habitats,” W-133 Benefits and Costs in Natural
Resource Planning, Annual Meeting, Colorado Springs, CO, March 1998.
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“Entry Deterrence and Signaling in a Non-Renewable Resource Model,” Department of
Agricultural Economics, University of California at Davis, February 1998.

“Strategic Preemption in a Common Property Resource: A Continuous Time Approach,”
Association of Environmental and Resource Economists Session, Allied Social Science
Association Meetings, Chicago, January 1998.

“Collusion in the Commons,” Association of Environmental and Resource Economists
Session, Allied Social Science Association Meetings, Chicago, January 1998.

“Strategic Preemption in a Common Property Resource: A Continuous Time Approach,”
Marine Policy Center, Woods Hole Oceanographic Institution, December 1997.

“Strategic Preemption in a Common Property Resource: A Continuous Time Approach,”
Department of Environmental and Natural Resource Economics, University of Rhode
Island, December 1997.

“Conserving Biodiversity with Scarce Resources,” Environmental Studies Department,
Bowdoin College, November 1997.

“Economic Valuation of Biodiversity,” International Summer School on Biodiversity and
Systematics, Canadian Museum of Nature and Queen’s University, Ottawa, Canada, July
1997.

“Conserving Biodiversity with Scarce Resources,” Association of Environmental and
Resource Economists, 1997 Workshop, The Economic Analysis of Ecosystems,
Annapolis, Maryland, June 1997.

“Signaling Private Information about Resource Stocks,” Oregon State University, May
1997.

“Conserving Biodiversity with Scarce Resources,” Social Order and the Endangered
Species Act Conference, Laramie, Wyoming, April 1997.

“When the Truth Hurts: Endangered Species Policy on Private Land with Incomplete

Information,” Social Order and the Endangered Species Act Conference, Centennial,
Wyoming, April 1997.

“Conserving Biodiversity with Scarce Resources,” Portland State University, January
1997.
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“Non-renewable Resource Cartels: Who's in the Club?”, Department of Economics,
University of Michigan, November 1996.

Conserving Biodiversity with Scarce Resources,” Miami University Sustainability
Project, Miami University, Oxford, OH, October 1996.

“Conserving Biodiversity with Scarce Resources,” Science Colloquium, Lewis and Clark
College, October 1996.

“Issues in Biodiversity Conservation Policy,” at the Seminario Sobre Politica De
Recursos Naturales Y Medio Ambiente, Bogata, Colombia, August 1996.

“Endangered Species Conservation on Private Land,” Department of Agricultural and
Resource Economics, Oregon State University, April 1996.

“Conserving Biodiversity with Scarce Resources,” Workshop on "Measuring
Biodiversity" at the Annual Landscape Ecology Symposium, International Association
for Landscape Ecology, Galveston, TX, March 1996.

“Comparing CVM Responses with Voting Behavior: Open-Space Survey and
Referendum in Corvallis,” OR, W-133 Benefits and Costs in Natural Resource Planning,
Annual Meeting, Jekyll Island, GA, March 1996.

“The Measurement of Biological Diversity and Its Use in Conservation,” lecture in a
series on Ecology and Economics sponsored by the Smithsonian Institution and
Resources for the Future, Washington, DC, March 1996.

“Setting Priorities for Conserving Biological Diversity,” Economic Science Association
Meetings, Tucson, AZ, October 1995.

“When the Truth Hurts: Endangered Species Policy on Private Land with
Incomplete Information,” Department of Economics, University of California at
Santa Barbara, October 1995.

“When the Truth Hurts: Endangered Species Policy on Private Land with Incomplete
Information,” Department of Agricultural Economics, University of California at Davis,
October 1995.

“Setting Priorities for Conserving Biological Diversity,” 5th Annual Canadian Resource
and Environmental Economics Study Group, Vancouver, BC, Sept 30-Oct 1, 1995.
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“Economics and Biological Issues in Conserving Biodiversity,” Lectures delivered at the
Swedish University of Agricultural Sciences, Umea, Sweden, August 26-30, 1995.

“A Comparison of Reserve Selection Algorithms Using Data on Terrestrial Vertibrates in
Oregon,” Corvallis Environmental Research Lab, U.S. EPA, August 1995.

“When the Truth Hurts: Endangered Species Policy on Private Land with Incomplete
Information,” Association of Environmental and Resource Economists Workshop on
Compensation and Regulation: Implications for Environmental Quality and Natural
Resource Use, June 1995, Annapolis, MD.

“When the Truth Hurts: Endangered Species Policy on Private Land with Incomplete
Information,” Department of Economics, University of Washington, June 1995.

“Setting Priorities for Conserving Biological Diversity,” Department of Agricultural and
Resource Economics, Oregon State University, May 1995.

“Setting Priorities for Conserving Biological Diversity,” Department of Economics,
Washington State University, April 1995.

“Setting Priorities for Conserving Biological Diversity,” Toulouse Environmental and
Resource Economics Conference, Institut D'Economie Industrielle, Universite des
Sciences Sociales de Toulouse, Toulouse, France, March 30-31, 1995.

“Asymmetric Oligopoly Equilibrium in a Non-Renewable Resource Market: Theory and
Evidence,” Canadian Resource and Environmental Economics Conference, Calgary,
October 1994.

“Asymmetric Oligopoly Equilibrium in a Non-Renewable Resource Market: Theory and
Evidence,” Western Economic Association Meetings, Vancouver, BC, June 1994.

“Asymmetric Oligopoly Equilibrium in a Non-renewable Resource Market: Theory and
Evidence,” Department of Economics, Oregon State University, May 1994.

“Sustainability and Substitutability,” Oregon State University Sigma Xi Chapter, Winter
Forum, March 1994.

“Setting Priorities for Conserving Biological Diversity,” Hatfield Marine Science Center,
February 1994.
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“Measuring Biological Diversity,” Association of Environmental and Resource
Economists Session, Allied Social Science Association Meetings, Boston, MA, January

1994.

“Measuring Biological Diversity,” Economic Research Service, U.S. Department of
Agriculture, December 1993.

“Issues in the Conservation of Biological Diversity,” Policy Research Department,
World Bank, December 1993.

“Measuring Biological Diversity,” Department of Agricultural and Resource Economics,
University of California at Berkeley, November 1993.

“Measuring Biological Diversity,” Food Research Institute, Stanford University,
November 1993.

“Measuring Biological Diversity,” Department of Economics, University of Oregon,
October 1993.

“Exploration and Extraction in a Duopoly Exhaustible Resource Market,” Canadian
Resource and Environmental Economics Conference, Ottawa, October 1993.

“Valuing Biodiversity and Ecosystems,” Forest Products Research Conference, Madison,
W], September 1993.

“Non-Renewable Resource Cartels: Who's in the Club?”” National Bureau of Economic
Research Conference on Cooperation, Coordination, and Collusion among Firms,
Cambridge, MA, May 1993.

“Non-Renewable Resource Cartels: Who's in the Club?” Department of International
Studies, M.I.T., April 1993.

“Preserving Benefits by Preserving Species: Option Value and the Measurement of
Biological Diversity,” Department of Agricultural and Resource Economics, Oregon
State University, February 1993.

“Preserving Benefits by Preserving Species: Option Value and the Measurement of
Biological Diversity,” Department of Agricultural and Applied Economics, University of
Georgia, February 1993.

“Exploration and Extraction in a Duopoly Exhaustible Resource Market,” Department of
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Economics, Miami University, Oxford, OH, February 1993.

“Entry Deterrence in the Commons,” Econometrics Society Session, Allied Social
Science Association Meetings, Anaheim, CA, January 1993.

TEACHING

Econometrics (Graduate level)

Economic and Social Aspects of Conservation Biology (Graduate level)
Economics and Politics of the Environment (Undergraduate level)
Environmental Economics (Graduate and Undergraduate level)

Game Theory (Graduate level)

Industrial Organization (Graduate and Undergraduate level)
Microeconomic Theory (Graduate and Undergraduate level)

Natural Resource Economics (Graduate and Undergraduate level)
Science and Policy of Global Change (Graduate level)

Sustainability Science (Graduate level)

ADVISING

Post-Doctoral Advising
Eric Lonsdorf (2004-2006)
Jason Hill (2005-2008)
Erik Nelson (2007-2011)
Derric Pennington (2009-2012)
Seth Binder (2011- 2013)
Forest Isbell (2011 - 2013)
Kent Kovacs (2010-2012)
Harriett Van Vleck (2012 - 2014)
Peter Hawthorne (2012 -)
Joey Reid (2013 -)
Justin Johnson (2014 -)

Ph.D. Dissertation Advising
At Boston College:

Karen Palmer (Defense September 1989)
Jay Jones (Chair, Defense April 1990)
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John Griffin (Defense December 1990)
Celia Cabral (Defense January 1991)
Michael Ozog (Defense March 1991)
Sarah Glavin (Chair, Defense May 1992)
Michael Gallaher (Defense August 1992)
Atreya Chakraborty (Chair, Defense September 1992)
Sr. Beth Anne Tercek (Defense June 1993)
Michael Salve (Defense June 1995)
Saleh Gurcan Gulen (Defense May 1996)

At Oregon State University:

Ron Fleming (Ag & Resource Econ, Defense December 1995)

Krishna Rauniyar (Family Resource Management, Defense January 1996)
Toyo Naito (Chair, Ag & Resource Econ, Defense June 1997)

James Weigand (Forest Science, Defense July 1997)

Yeon-Su Kim (Forest Resources, Defense July 1998)

Olesya Gainutdinova (Economics, Defense February 1999)

Susan Burke (Ag & Resource Economics, Defense June 1999)

Okmyung Bin (Chair, Economics, Defense April 2000)

David Calkin (Forest Resources, Defense December 2000)

Christian Langpap (Co-Chair, Ag & Resource Econ, Defense December 2002)

At University of Minnesota

Rob Johansson (Applied Economics, Defense November 2000)

Jee Hoon Lee (Applied Economics, Defense May 2002)

Tracy Boyer (Applied Economics, Defense December 2002)

Nori Tarui (Chair, Applied Economics, Defense July 2004)

Latha Nagarajan (Applied Economics, Defense December 2004)
Daniel Kramer (Chair, Conservation Biology, Defense April 2005)
Shunrong Qi (Applied Economics, Defense April 2005)

Gabriella VValdevia (Geography, Defense May 2005)

Mark Myers (Co-Chair, Conservation Biology, Defense June 2005)
Sook-Jin Kim (Geography, Defense March 2006)

Erik Nelson (Chair, Applied Economics, Defense February 2007)
Ines Langrock (Applied Economics, Defense April 2007)
Raghunath Rao (Marketing, Defense June 2007)

Liaila Tajibaeva (Chair, Applied Economics, Defense August 2007)
Dmitry Zhdanov (Information and Decision Sciences, Defense August 2007)
Shefali Mehta (Applied Economics, Defense November 2007)
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Jane Rullifson (Applied Economics, Defense December 2007)

Michinori Uwasu (Chair, Applied Economics, Defense March 2008)

Bernard Kissui (Ecology, Evolution and Behavior, Defense March 2008)

Yoshifumi Konishi (Co-Chair, Applied Economics, Defense May 2008)

Bhim Gurung (Conservation Biology, Defense June 2008)

Ping Wu (Information and Decisions Sciences, Defense June 2008)

Kshama Harpankar (Chair, Applied Economics, Defense August 2008)

Le Pham (Co-Chair, Applied Economics, Defense August 2008)

Heather Sander (Co-Chair, Conservation Biology, Defense July 2009)

Jennifer Schmitt (Chair, Conservation Biology, Defense October 2009)

Hadas Kushnir (Co-Chair, Conservation Biology, Defense November 2009)

Jennifer Drew (Applied Economics, Defense May 2010)

Haochi Zheng (Co-Chair, Applied Economics, Defense May 2010)

Kris Johnson (Chair, Conservation Biology, Defense November 2010)

Dennis Rentsch (Chair, Conservation Biology, Defense March 2011)

Ron Millen (Conservation Biology, Defense May 2011)

Jin-Young Moon (Co-Chair, Applied Economics, Defense June 2012)

Alison Sexton (Co-Chair, Applied Economics, Defense August 2012)

Elisa Belfiore (Economics, Defense, June 2013)

Nathan Mueller (Natural Resource Science and Management, Defense Aug 2013)

Joey Reid (Ecology, Evolution & Behavior, Defense August 2013)

Bonnie Keeler (Chair, Natural Resource Science and Management, Defense

December 2013)
Moana McClellan (Plant Biology, Defense January 2014)
John Sheehan (Chair, Natural Resource Science and Management, Defense
February 2014)

Michael Rentz (Chair, Conservation Biology, Defense April 2014)

Justin Johnson (Co-Chair, Applied Economics, Defense May 2014)

Sun Hean (Co-Chair, Conservation Biology, Defense May 2014)

Matt Burgess (Co-Chair, Ecology, Evolution & Behavior, Defense June 2014)

Martha Rogers (Co-Chair, Applied Economics, Defense July 2014)

Bijie Ren (Chair, Applied Economics, Defense October 2014)

Bridget Henning (Conservation Biology, Defense October 2014)

Andrew Goodkind (Applied Economics, Defense December 2014)

At University of Illinois:
Sahan Dissanayake (Ag. & Consumer Economics, Defense September 2011)

Ph. D. Dissertation Advising Current
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At University of Minnesota:

David Bael (Co-Chair, Applied Economics)

Baishali Bakshi (Chair, Natural Resource Science & Management)
Mike Clark (Co-Chair, Natural Resource Science & Management)
Michelle Hein (Chair, Natural Resource Science & Management)
Milda Irhamni (Applied Economics)

Suhyun Jung (Chair, Applied Economics)

Yeonsoo Kim (Applied Economics)

Kate Knuth (Chair, Conservation Biology)

Brian Krohn (Co-Chair, Natural Resources Science & Management)
Papek Nabingey (Applied Economics)

Sara Nelson (Geography)

Christine O’Connell (Co-Chair, Ecology, Evolution & Behavior)
David Smith (Applied Economics)

Zhiyu Wang (Co-Chair, Applied Economics)

Master's Thesis Advising (Oregon State)

Anita Bambe (Economics, Defense, July 1994)

Philippe Latriche (Ag & Resource Economics, Defense, July 1994)
Anchaliya Sahachartkosi (M.A.1.S., Defense May 1994)

Roger Martini (Ag & Resource Economics, Defense April 1995)
Sog-Kyom Kim (Economics, Defense June 1995)

Nancy Bergeron (Chair, Ag & Resource Economics, Defense July 1995)
Leon Aliski (Chair, Ag & Resource Economics, Defense August 1995)
Brian Garber-Yonts (Ag & Resource Economics, Defense February 1996)
Saowanee Pakortiprapha (M.A.L.S., Defense February 1996)

Christopher Costello (Ag & Resource Economics, Defense July 1996)
Michael Jaspin (Chair, Ag & Resource Economics, Defense July 1996)
Seong Hoon Cho (Ag & Resource Economics, Defense August 1996)
Olesya Gainutdinova (Economics, Defense October 1996)

John Faux (Ag & Resource Economics, Defense October 1996)

Brent Mahan (Ag & Resource Economics, Defense December 1996)
Sumeth Adulavidhaya (Chair, M.A.L.S., Defense June 1998)

Christian Vossler (Chair, Ag & Resource Economics, Defense June 1999)
Steve Pavich (Chair, Ag & Resource Economics, Defense August 1999)

Master’s Thesis Advising (University of Minnesota)

Keiko Veasey (Public Policy, Defense May 2002)
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Barbara Peichel (Water Resources, Defense June 2002)
Kikuo Oishi (Applied Economics, August 2002)
Nicole Benjamin (Conservation Biology, Defense July 2004)
Monica Missrie (Conservation Biology, Defense December 2004)
David Bael (Advisor for Professional Paper, Public Policy, Defense June 2005)
Jennifer Schmitt (Chair, Applied Economics, Defense July 2005)
Matthew Grennan (Applied Economics, Defense August 2005)
Maria Perez (Conservation Biology, Defense September 2005)
Jaimi Johnson (Conservation Biology, Defense November 2005)
Katherine Abbott Hawkins (Chair, Conservation Biology, Defense June 2006)
Vincent Sseremba (Mechanical Engineering, Defense August 2006)
Lauren Brudney (Conservation Biology, Defense March 2009)
Rachel Hopper (Chair, Conservation Biology, Defense August 2009)
Chris Pinahs (Plant Biology, Defense May 2012)
Andrea Sampson (Chair, Conservation Biology, Defense November 2013)

Master’s Thesis Advising Current

Derek Ingvalson (Chair, Natural Resource Science & Management)
Hao Pang (Chair, Applied Economics)
Alex Reich (Co-Chair, Natural Resource Science and Management)

Undergraduate Honors Thesis Advisor (Boston College)

Keith Longson (Fall 1987)

Jeff Mott (Spring 1988)

Tim Bellavia (Spring 1989)
Diane Tassia (Spring 1989)
Analuisa Sequerra (Fall 1989)
Lisa Calise (Spring 1990)
David Cohen (Spring 1991)
Paul Cichello (Spring 1992)
Christopher Burk (Spring 1993)
Kimberly Moon (Spring 1993)

PROFESSIONAL SERVICE
Co-Editor, Journal of Environmental Economics and Management, 2001 - 2002.

Associate Editor, Journal of Environmental Economics and Management, 1996 - 2000.
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Associate Editor, Conservation Letters, 2008 - 2012.

Associate Editor, Ecology and Society, 2009 - .

Associate Editor, Ecology Letters, 2009 - 2012.

Associate Editor, International Journal of Business and Economics, 2004 - 2005.
Guest Editor, Frontiers of Ecology and Environment, 2008.

Guest Editor, Environmental and Resource Economics, 2010.

Editorial Board, Proceedings of the National Academy of Sciences, 2010 —.
Editorial Board, Annual Reviews of Environment and Resources, 2011 —.
Editorial Board, Environmental Management, 2013.

Editorial Board, International Journal of Business and Economics, 2005 - .
Editorial Board, Land Economics, 2007 - .

Editorial Board, Review of Ecological Economics, 2011 —.

Editorial Board, Theoretical Ecology, 2007 —.

Editorial Council, Ecological Economics, 2009 - .

Editorial Council, Journal of Environmental Economics and Management,
1994 - 1995, 2002 - 2007.

Editorial Council, Review of Environmental Economics and Policy, 2006 - .
Editorial Council, Australian Economic Papers, 2004 — .

Faculty Editorial Advisory Board, Minnesota Journal of Law, Science and Technology,
2004-.

Sustainability External Advisory Committee, Dow Chemical Company, 2011 - .

Board of Directors, The Nature Conservancy, 2009 - .
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Science Council, The Nature Conservancy, 2005-.

Board of Directors, Beijer Institute for Ecological Economics, Royal Swedish Academy
of Sciences. 2007- 2012.

Vice President, Association of Environmental and Resource Economists, 2006-2007.

Co-chair, Team on Mapping and Valuing Ecosystem Services, The Natural Capital
Project, 2006 - .

Co-Chair, Core Project 3 — Developing the science of conservation and sustainable use of
biodiversity, DIVERSITAS, 2002 -2012.

Science Council, Program on Ecosystem Change and Society, International Council of
Scientific Unions. 2009- .

Policy and Technical Expert Committee, Wealth Accounting for the Value of Ecosystem
Services, World Bank. 2012 -

U.S. Environmental Protection Agency, Science Advisory Board. 2009- .

U.S. Environmental Protection Agency, Science Advisory Board. Committee on Valuing
the Protection of Ecological Systems and Services. 2003 - 2008.

U.S. Environmental Protection Agency, Science Advisory Board. Environmental
Economics Advisory Committee. 2001 - 2007.

U.S. Department of Interior, FACA Committee on Natural Resource Damage Assessment
and Restoration. 2005 - 2007.

National Oceanic and Atmospheric Administration, Science Advisory Board, 2013 - .
National Academies, Committee on Human Dimensions of Global Change, 2011.
National Academies, Board on Environmental Change and Society, 2012 - .

National Research Council. Committee on Preparing for Nine Billion on the Planet:
Workshop on Sustainability Science, 2013.

National Research Council. Committee on Sustainability Linkages in the Federal
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Government. 2011 - 2013.

National Research Council. Committee on the U.S. Army Corps of Engineers Water
Resources Science, Engineering, and Planning — Coastal Risk Reduction. 2013 —
2014.

National Research Council. Committee on the Effects of the Deepwater Horizon
Mississippi Canyon-242 Qil Spill on Ecosystem Services in the Gulf of Mexico.
2011 - 2013.

National Research Council. Committee on Incorporating Sustainability in the U.S.
Environmental Protection Agency. 2010 - 2011.

National Research Council. Committee on the Review of the Water and Environmental
Research Systems (WATERS) Network. 2007 - 2009.

National Research Council, Committee on Assessing and Valuing the Services of Aquatic
and Related Terrestrial Ecosystems, 2002 - 2004.

National Research Council, Committee to Review the Florida Keys Carrying Capacity
Study, 2001-2002.

W-133 Western Regional Research Project, Secretary 1996-1997, Vice President 1997-
1998, President 1999-2000.

Ecosystem-based Management Science Advisory Board, National Center for Ecological
Analysis and Synthesis, 2005-2007.

Program Committee, Second World Congress of Environmental and Resource
Economists, Monterey, CA, June 2002.

Program Committee, Fourth World Congress of Environmental and Resource
Economists, Montreal, Canada, June-July 2010.

Professional Activities Committee, American Agricultural Economics Association, 1998-
2001.

Energy Supply Technical Working Group, Minnesota Climate Change Advisory Group
2007-2008.

Cap-and-Trade Technical Working Group, Minnesota Climate Change Advisory Group
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2007-2008.

Science Advisory Panel, Lake Pepin TMDL, 2005 - .
Board Member, Experiment in Rural Cooperation, 2004.

Co-Chair of the Provost’s Advisory Committee for the Institute on the Environment,
University of Minnesota, 2006.

Co-Cluster Leader of the Policy, Economics and Ecosystems Cluster of the Initiative for
Renewable Energy and the Environment, University of Minnesota, 2003 - 2008.

Distinguished McKnight Professor Selection Committee, University of Minnesota, 2010-
2012.

MN Drive Advisory Board, University of Minnesota, 2013 -

Associate Director, Center for Analysis of Environmental Change, Oregon State
University, 1996 - 1997.

Workshop organizer, Ecosystem services and biodiversity function, National Center for
Ecological Analysis and Synthesis, Santa Barbara, CA, September 2005; February
2006.

Workshop Organizer, DIVERSITAS Workshop on Sustainable Use of Biodiversity:
Decision-making under Uncertainty, Montreal, CA, July 2004.

Planning Committee Chair, Learning Workshop on Game Theory, American Agricultural
Economics Association Meeting, Tampa, FL, August 2, 2000.

Organizer of the Biodiversity Seminar, Oregon State University, Sept. 1995- 1998.

Planning Committee for "Emerging Ecological Policy: Winners and Losers™ Conference,
Corvallis, OR, September 23, 1996.

Planning Committee, Session Organizer and Session Moderator for "Ecological Risk
Assessment” Conference, Corvallis, OR, November 15-16, 1994.

Referee for Ambio, American Economic Review, American Journal of Agricultural
Economics, American Naturalist, Animal Conservation, Applied Economics
Perspectives & Policy, B. E. Journal of Economic Analysis & Policy, Biodiversity
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and Conservation, Biological Conservation, Biomass and Bioenergy, BioScience,
Bulletin of Mathematical Biology, Canadian Journal of Economics, Canadian
Public Policy, Cities and the Environment, Climatic Change, Computers and
Operations Research, Conservation Biology, Conservation Letters, Contemporary
Economic Policy, Current Opinion in Environmental Sustainability, Ecological
Applications, Ecological Economics, Ecological Indicators, Ecological Modeling,
Ecology, Ecology and Society, Ecology Letters, Econometrica, Economic Inquiry,
Economic Papers, Economic Theory, Ecosystems, Ecosystem Health, Ecosystem
Services, Energy Journal, Energy Policy, Environment and Development
Economics, Environment and Planning A, Environmental and Resource
Economics, Environmental Management, Environmental Modeling and
Assessment, Environmental Modelling and Software, Environmental Monitoring
and Assessment, Environmental Research Letters, Environmental Science and
Policy, Environmental Science and Technology, Euphytica, Fisheries, Forest
Science, Foundations and Trends in Microeconomics, Frontiers in Ecology and
the Environment, Games and Economic Behavior, GAIA, Geographical Analysis,
Global Ecology and Biogeography, Global Environmental Change, Growth and
Change, Human and Ecological Risk Assessment, International Economic
Review, International Journal of Business and Economics, International Journal
of Industrial Organization, International Journal of Sustainable Development and
World Economy, International Review of Economics and Finance, Journal of
Agricultural and Applied Economics, Journal of Applied Ecology, Journal of
Coastal Research, Journal of Development Economics, Journal of Economic
Behavior and Organization, Journal of Economic Dynamics and Control, Journal
of Environmental Economics and Management, Journal of Environmental
Management, Journal of Forest Economics, Journal of Industrial Ecology,
Journal of Planning Literature, Journal of Political Economy, Journal of Public
Economics, Journal of Public Economic Theory, Journal of Regional Science,
Journal of Risk and Insurance, Journal of Soil and Water Conservation, Journal
of the American Water Resources Association, Journal of Theoretical Biology,
Land Economics, Land Use Policy, Landscape and Urban Planning, Landscape
Ecology, the Manchester School, Minnesota Journal of Law Science and
Technology, Natural Resources Modeling, Nature, Nature Climate Change,
Networks, Philosophical Transactions of the Royal Society B, Proceedings of the
National Academy of Sciences, Proceedings of the Royal Society B, Public
Finance Review, Public Library of Science (PLoS) Biology, PLoS One, Rand
Journal of Economics, Regional Environmental Change, Remote Sensing,
Resource and Energy Economics, Resources, Review of Agricultural Economics,
Review of Economic Studies, Review of Industrial Organization, Science,
Solutions, Strategic Behavior and the Environment, Theoretical Ecology,
Theoretical Population Biology, Trends in Ecology and Evolution, Urban
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Forestry and Urban Greening, Water Resources Research, Wetlands.

Reviewer for Cambridge University Press, Center for Marine Conservation, Danish
Department of Development, Econorthwest (Report for U.S. Fish & Wildlife
Service), Environmental Protection Agency, Finland Academy, Fondo Nacional
de Desarrollo Cientifico y Technologico (Chile), HarperCollins College
Publishers, MacArthur Foundation, McGraw-Hill, National Oceanic and
Atmospheric Administration, National Research Foundation (South Africa),
National Science Foundation, Office of Management and Budget, Richard D.
Irwin Inc. Textbook Publisher, Sea Grant (CT, MA, MN), Social Sciences and
Humanities Research Council of Canada.

OTHER:

Co-Founder of the Boston College Recycling Program, Manager/Coordinator
1989-1991.

Consultant, Cargill (Wetlands valuation), 2007-2008.
Consultant, Industrial Economics (Valuing ecosystem services), 2008 - .

Consultant, Von Humboldt Institute, Bogata, Colombia (Biodiversity conservation),
1996.

Consultant, Policy Research Department, Environment and Infrastructure Division,
World Bank (Biodiversity conservation), 1995-1996.

Consultant, Charles Rivers Associates (Antitrust analysis), 1991-1992.
Member: American Agricultural Economics Association, American Association for the
Advancement of Science, American Economic Association, Association of

Environmental and Resource Economists, International Society for Ecological
Economics, Society for Conservation Biology.
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Technical Support Document: -
Social Cost of Carbon for Regulatory Impact Analysis -
Under Executive Order 12866 -

Interagency Working Group on Social Cost of Carbon, United States Government

With participation by

Council of Economic Advisers
Council on Environmental Quality
Department of Agriculture
Department of Commerce
Department of Energy
Department of Transportation
Environmental Protection Agency
National Economic Council
Office of Energy and Climate Change
Office of Management and Budget
Office of Science and Technology Policy
Department of the Treasury

February 2010
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Executive Summary

Under Executive Order 12866, agencies are required, to the extent permitted by law, “to assess both the
costs and the benefits of the intended regulation and, recognizing that some costs and benefits are
difficult to quantify, propose or adopt a regulation only upon a reasoned determination that the
benefits of the intended regulation justify its costs.” The purpose of the “social cost of carbon” (SCC)
estimates presented here is to allow agencies to incorporate the social benefits of reducing carbon
dioxide (CO,) emissions into cost-benefit analyses of regulatory actions that have small, or “marginal,”
impacts on cumulative global emissions. The estimates are presented with an acknowledgement of the
many uncertainties involved and with a clear understanding that they should be updated over time to
reflect increasing knowledge of the science and economics of climate impacts.

The SCC is an estimate of the monetized damages associated with an incremental increase in carbon
emissions in a given year. It is intended to include (but is not limited to) changes in net agricultural
productivity, human health, property damages from increased flood risk, and the value of ecosystem
services due to climate change.

This document presents a summary of the interagency process that developed these SCC estimates.
Technical experts from numerous agencies met on a regular basis to consider public comments, explore
the technical literature in relevant fields, and discuss key model inputs and assumptions. The main
objective of this process was to develop a range of SCC values using a defensible set of input
assumptions grounded in the existing scientific and economic literatures. In this way, key uncertainties
and model differences transparently and consistently inform the range of SCC estimates used in the
rulemaking process.

The interagency group selected four SCC values for use in regulatory analyses. Three values are based
on the average SCC from three integrated assessment models, at discount rates of 2.5, 3, and 5 percent.
The fourth value, which represents the 95" percentile SCC estimate across all three models at a 3
percent discount rate, is included to represent higher-than-expected impacts from temperature change
further out in the tails of the SCC distribution.

Social Cost of CO,, 2010 — 2050 (in 2007 dollars)

Discount Rate 5% 3% 2.5% 3%
Year Avg Avg Avg 95th
2010 4.7 . 214 351 i 649
2015 5.7 . 238 | 384 | 728
2020 6.8 . 263 | 417 | 807
2025 82 | 296 | 459 | 904
2030 9.7 . 328 | 500 | 1000
2035 112 | 360 | 542 | 109.7
2040 127 | 392 | 584 | 1193
2045 142 ¢ 421 i 617 | 1278
2050 157 | 449 i 650 | 1362
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Monetizing Carbon Dioxide Emissions

The “social cost of carbon” (SCC) is an estimate of the monetized damages associated with an
incremental increase in carbon emissions in a given year. It is intended to include (but is not limited to)
changes in net agricultural productivity, human health, property damages from increased flood risk, and
the value of ecosystem services. We report estimates of the social cost of carbon in dollars per metric
ton of carbon dioxide throughout this document.*

When attempting to assess the incremental economic impacts of carbon dioxide emissions, the analyst
faces a number of serious challenges. A recent report from the National Academies of Science (NRC
2009) points out that any assessment will suffer from uncertainty, speculation, and lack of information
about (1) future emissions of greenhouse gases, (2) the effects of past and future emissions on the
climate system, (3) the impact of changes in climate on the physical and biological environment, and (4)
the translation of these environmental impacts into economic damages. As a result, any effort to
quantify and monetize the harms associated with climate change will raise serious questions of science,
economics, and ethics and should be viewed as provisional.

Despite the serious limits of both quantification and monetization, SCC estimates can be useful in
estimating the social benefits of reducing carbon dioxide emissions. Under Executive Order 12866,
agencies are required, to the extent permitted by law, “to assess both the costs and the benefits of the
intended regulation and, recognizing that some costs and benefits are difficult to quantify, propose or
adopt a regulation only upon a reasoned determination that the benefits of the intended regulation
justify its costs.” The purpose of the SCC estimates presented here is to make it possible for agencies to
incorporate the social benefits from reducing carbon dioxide emissions into cost-benefit analyses of
regulatory actions that have small, or “marginal,” impacts on cumulative global emissions. Most federal
regulatory actions can be expected to have marginal impacts on global emissions.

For such policies, the benefits from reduced (or costs from increased) emissions in any future year can
be estimated by multiplying the change in emissions in that year by the SCC value appropriate for that
year. The net present value of the benefits can then be calculated by multiplying each of these future
benefits by an appropriate discount factor and summing across all affected years. This approach
assumes that the marginal damages from increased emissions are constant for small departures from
the baseline emissions path, an approximation that is reasonable for policies that have effects on
emissions that are small relative to cumulative global carbon dioxide emissions. For policies that have a
large (non-marginal) impact on global cumulative emissions, there is a separate question of whether the
SCC is an appropriate tool for calculating the benefits of reduced emissions; we do not attempt to
answer that question here.

An interagency group convened on a regular basis to consider public comments, explore the technical
literature in relevant fields, and discuss key inputs and assumptions in order to generate SCC estimates.
Agencies that actively participated in the interagency process include the Environmental Protection

Yn this document, we present all values of the SCC as the cost per metric ton of CO, emissions. Alternatively, one
could report the SCC as the cost per metric ton of carbon emissions. The multiplier for translating between mass of
CO, and the mass of carbon is 3.67 (the molecular weight of CO, divided by the molecular weight of carbon =
44/12 = 3.67).
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Agency, and the Departments of Agriculture, Commerce, Energy, Transportation, and Treasury.Tis
process was convened by the Council of Economic Advisers and the Office of Management and Budget,
with active participation and regular input from the Council on Environmental Quality, National
Economic Council, Office of Energy and Climate Change, and Office of Science and Technology Policy.
The main objective of this process was to develop a range of SCC values using a defensible set of input
assumptions that are grounded in the existing literature. In this way, key uncertainties and model
differences can more transparently and consistently inform the range of SCC estimates used in the
rulemaking process.

The interagency group selected four SCC estimates for use in regulatory analyses. For 2010, these
estimates are $5, $21, $35, and $65 (in 2007 dollars). The first three estimates are based on the average
SCC across models and socio-economic and emissions scenarios at the 5, 3, and 2.5 percent discount
rates, respectively. The fourth value is included to represent the higher-than-expected impacts from
temperature change further out in the tails of the SCC distribution. For this purpose, we use the SCC
value for the 95" percentile at a 3 percent discount rate. The central value is the average SCC across
models at the 3 percent discount rate. For purposes of capturing the uncertainties involved in
regulatory impact analysis, we emphasize the importance and value of considering the full range. These
SCC estimates also grow over time. For instance, the central value increases to $24 per ton of CO, in
2015 and $26 per ton of CO, in 2020. See Appendix A for the full range of annual SCC estimates from
2010 to 2050.

It is important to emphasize that the interagency process is committed to updating these estimates as
the science and economic understanding of climate change and its impacts on society improves over
time. Specifically, we have set a preliminary goal of revisiting the SCC values within two years or at such
time as substantially updated models become available, and to continue to support research in this
area. In the meantime, we will continue to explore the issues raised in this document and consider
public comments as part of the ongoing interagency process.

. Social Cost of Carbon Values Used in Past Regulatory Analyses

To date, economic analyses for Federal regulations have used a wide range of values to estimate the
benefits associated with reducing carbon dioxide emissions. In the final model year 2011 CAFE rule, the
Department of Transportation (DOT) used both a “domestic” SCC value of $2 per ton of CO, and a
“global” SCC value of $33 per ton of CO, for 2007 emission reductions (in 2007 dollars), increasing both
values at 2.4 percent per year. It also included a sensitivity analysis at $80 per ton of CO,. A domestic
SCC value is meant to reflect the value of damages in the United States resulting from a unit change in
carbon dioxide emissions, while a global SCC value is meant to reflect the value of damages worldwide.

A 2008 regulation proposed by DOT assumed a domestic SCC value of $7 per ton CO, (in 2006 dollars)
for 2011 emission reductions (with a range of $0-$14 for sensitivity analysis), also increasing at 2.4
percent per year. A regulation finalized by DOE in October of 2008 used a domestic SCC range of $0 to
$20 per ton CO, for 2007 emission reductions (in 2007 dollars). In addition, EPA’s 2008 Advance Notice
of Proposed Rulemaking for Greenhouse Gases identified what it described as “very preliminary” SCC
estimates subject to revision. EPA’s global mean values were $68 and $40 per ton CO, for discount rates
of approximately 2 percent and 3 percent, respectively (in 2006 dollars for 2007 emissions).
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In 2009, an interagency process was initiated to offer a preliminary assessment of how best to quantify
the benefits from reducing carbon dioxide emissions. To ensure consistency in how benefits are
evaluated across agencies, the Administration sought to develop a transparent and defensible method,
specifically designed for the rulemaking process, to quantify avoided climate change damages from
reduced CO, emissions. The interagency group did not undertake any original analysis. Instead, it
combined SCC estimates from the existing literature to use as interim values until a more
comprehensive analysis could be conducted.

The outcome of the preliminary assessment by the interagency group was a set of five interim values:
global SCC estimates for 2007 (in 2006 dollars) of $55, $33, $19, $10, and S5 per ton of CO, The $33 and
S5 values represented model-weighted means of the published estimates produced from the most
recently available versions of three integrated assessment models—DICE, PAGE, and FUND—at
approximately 3 and 5 percent discount rates. The $55 and $10 values were derived by adjusting the
published estimates for uncertainty in the discount rate (using factors developed by Newell and Pizer
(2003)) at 3 and 5 percent discount rates, respectively. The $19 value was chosen as a central value
between the $5 and $33 per ton estimates. All of these values were assumed to increase at 3 percent
annually to represent growth in incremental damages over time as the magnitude of climate change
increases.

These interim values represent the first sustained interagency effort within the U.S. government to
develop an SCC for use in regulatory analysis. The results of this preliminary effort were presented in
several proposed and final rules and were offered for public comment in connection with proposed
rules, including the joint EPA-DOT fuel economy and CO, tailpipe emission proposed rules.

M. Approach and Key Assumptions

Since the release of the interim values, interagency group has reconvened on a regular basis to generate
improved SCC estimates. Specifically, the group has considered public comments and further explored
the technical literature in relevant fields. This section details the several choices and assumptions that
underlie the resulting estimates of the SCC.

It is important to recognize that a number of key uncertainties remain, and that current SCC estimates
should be treated as provisional and revisable since they will evolve with improved scientific and
economic understanding. The interagency group also recognizes that the existing models are imperfect
and incomplete. The National Academy of Science (2009) points out that there is tension between the
goal of producing quantified estimates of the economic damages from an incremental ton of carbon and
the limits of existing efforts to model these effects. Throughout this document, we highlight a number
of concerns and problems that should be addressed by the research community, including research
programs housed in many of the agencies participating in the interagency process to estimate the SCC.

The U.S. Government will periodically review and reconsider estimates of the SCC used for cost-benefit
analyses to reflect increasing knowledge of the science and economics of climate impacts, as well as
improvements in modeling. In this context, statements recognizing the limitations of the analysis and
calling for further research take on exceptional significance. The interagency group offers the new SCC
values with all due humility about the uncertainties embedded in them and with a sincere promise to
continue work to improve them.
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A. Integrated Assessment Models

We rely on three integrated assessment models (IAMs) commonly used to estimate the SCC: the FUND,
DICE, and PAGE models.”> These models are frequently cited in the peer-reviewed literature and used in
the IPCC assessment. Each model is given equal weight in the SCC values developed through this
process, bearing in mind their different limitations (discussed below).

These models are useful because they combine climate processes, economic growth, and feedbacks
between the climate and the global economy into a single modeling framework. At the same time, they
gain this advantage at the expense of a more detailed representation of the underlying climatic and
economic systems. DICE, PAGE, and FUND all take stylized, reduced-form approaches (see NRC 2009 for
a more detailed discussion; see Nordhaus 2008 on the possible advantages of this approach). Other
IAMs may better reflect the complexity of the science in their modeling frameworks but do not link
physical impacts to economic damages. There is currently a limited amount of research linking climate
impacts to economic damages, which makes this exercise even more difficult. Underlying the three
IAMs selected for this exercise are a number of simplifying assumptions and judgments reflecting the
various modelers’ best attempts to synthesize the available scientific and economic research
characterizing these relationships.

The three IAMs translate emissions into changes in atmospheric greenhouse concentrations,
atmospheric concentrations into changes in temperature, and changes in temperature into economic
damages. The emissions projections used in the models are based on specified socio-economic (GDP
and population) pathways. These emissions are translated into concentrations using the carbon cycle
built into each model, and concentrations are translated into warming based on each model’s simplified
representation of the climate and a key parameter, climate sensitivity. Each model uses a different
approach to translate warming into damages. Finally, transforming the stream of economic damages
over time into a single value requires judgments about how to discount them.

Each model takes a slightly different approach to model how changes in emissions result in changes in
economic damages. In PAGE, for example, the consumption-equivalent damages in each period are
calculated as a fraction of GDP, depending on the temperature in that period relative to the pre-
industrial average temperature in each region. In FUND, damages in each period also depend on the
rate of temperature change from the prior period. In DICE, temperature affects both consumption and
investment. We describe each model in greater detail here. In a later section, we discuss key gaps in
how the models account for various scientific and economic processes (e.g. the probability of
catastrophe, and the ability to adapt to climate change and the physical changes it causes).

% The DICE (Dynamic Integrated Climate and Economy) model by William Nordhaus evolved from a series of energy
models and was first presented in 1990 (Nordhaus and Boyer 2000, Nordhaus 2008). The PAGE (Policy Analysis of
the Greenhouse Effect) model was developed by Chris Hope in 1991 for use by European decision-makers in
assessing the marginal impact of carbon emissions (Hope 2006, Hope 2008). The FUND (Climate Framework for
Uncertainty, Negotiation, and Distribution) model, developed by Richard Tol in the early 1990s, originally to study
international capital transfers in climate policy. is now widely used to study climate impacts (e.g., Tol 2002a, Tol
2002b, Anthoff et al. 2009, Tol 2009).
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The parameters and assumptions embedded in the three models vary widely. A key objective of the
interagency process was to enable a consistent exploration of the three models while respecting the
different approaches to quantifying damages taken by the key modelers in the field. An extensive
review of the literature was conducted to select three sets of input parameters for these models:
climate sensitivity, socio-economic and emissions trajectories, and discount rates. A probability
distribution for climate sensitivity was specified as an input into all three models. In addition, the
interagency group used a range of scenarios for the socio-economic parameters and a range of values
for the discount rate. All other model features were left unchanged, relying on the model developers’
best estimates and judgments. In DICE, these parameters are handled deterministically and represented
by fixed constants; in PAGE, most parameters are represented by probability distributions. FUND was
also run in a mode in which parameters were treated probabilistically.

The sensitivity of the results to other aspects of the models (e.g. the carbon cycle or damage function) is
also important to explore in the context of future revisions to the SCC but has not been incorporated
into these estimates. Areas for future research are highlighted at the end of this document.

The DICE Model

The DICE model is an optimal growth model based on a global production function with an extra stock
variable (atmospheric carbon dioxide concentrations). Emission reductions are treated as analogous to
investment in “natural capital.” By investing in natural capital today through reductions in emissions—
implying reduced consumption—harmful effects of climate change can be avoided and future
consumption thereby increased.

For purposes of estimating the SCC, carbon dioxide emissions are a function of global GDP and the
carbon intensity of economic output, with the latter declining over time due to technological progress.
The DICE damage function links global average temperature to the overall impact on the world
economy. It varies quadratically with temperature change to capture the more rapid increase in
damages expected to occur under more extreme climate change, and is calibrated to include the effects
of warming on the production of market and nonmarket goods and services. It incorporates impacts on
agriculture, coastal areas (due to sea level rise), “other vulnerable market sectors” (based primarily on
changes in energy use), human health (based on climate-related diseases, such as malaria and dengue
fever, and pollution), non-market amenities (based on outdoor recreation), and human settlements and
ecosystems. The DICE damage function also includes the expected value of damages associated with
low probability, high impact “catastrophic” climate change. This last component is calibrated based on a
survey of experts (Nordhaus 1994). The expected value of these impacts is then added to the other
market and non-market impacts mentioned above.

No structural components of the DICE model represent adaptation explicitly, though it is included
implicitly through the choice of studies used to calibrate the aggregate damage function. For example,
its agricultural impact estimates assume that farmers can adjust land use decisions in response to
changing climate conditions, and its health impact estimates assume improvements in healthcare over
time. In addition, the small impacts on forestry, water systems, construction, fisheries, and outdoor
recreation imply optimistic and costless adaptation in these sectors (Nordhaus and Boyer, 2000; Warren
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et al., 2006). Costs of resettlement due to sea level rise are incorporated into damage estimates, but
their magnitude is not clearly reported. Mastrandrea’s (2009) review concludes that “in general, DICE
assumes very effective adaptation, and largely ignores adaptation costs."

Note that the damage function in DICE has a somewhat different meaning from the damage functions in
FUND and PAGE. Because GDP is endogenous in DICE and because damages in a given year reduce
investment in that year, damages propagate forward in time and reduce GDP in future years. In
contrast, GDP is exogenous in FUND and PAGE, so damages in any given year do not propagate forward.?

The PAGE Model

PAGE2002 (version 1.4epm) treats GDP growth as exogenous. It divides impacts into economic, non-
economic, and catastrophic categories and calculates these impacts separately for eight geographic
regions. Damages in each region are expressed as a fraction of output, where the fraction lost depends
on the temperature change in each region. Damages are expressed as power functions of temperature
change. The exponents of the damage function are the same in all regions but are treated as uncertain,
with values ranging from 1 to 3 (instead of being fixed at 2 as in DICE).

PAGE2002 includes the consequences of catastrophic events in a separate damage sub-function. Unlike
DICE, PAGE2002 models these events probabilistically. The probability of a “discontinuity” (i.e., a
catastrophic event) is assumed to increase with temperature above a specified threshold. The threshold
temperature, the rate at which the probability of experiencing a discontinuity increases above the
threshold, and the magnitude of the resulting catastrophe are all modeled probabilistically.

Adaptation is explicitly included in PAGE. Impacts are assumed to occur for temperature increases
above some tolerable level (2°C for developed countries and 0°C for developing countries for economic
impacts, and 0°C for all regions for non-economic impacts), but adaptation is assumed to reduce these
impacts. Default values in PAGE2002 assume that the developed countries can ultimately eliminate up
to 90 percent of all economic impacts beyond the tolerable 2°C increase and that developing countries
can eventually eliminate 50 percent of their economic impacts. All regions are assumed to be able to
mitigate 25 percent of the non-economic impacts through adaptation (Hope 2006).

The FUND Model
Like PAGE, the FUND model treats GDP growth as exogenous. It includes separately calibrated damage

functions for eight market and nonmarket sectors: agriculture, forestry, water, energy (based on heating
and cooling demand), sea level rise (based on the value of land lost and the cost of protection),

3 Using the default assumptions in DICE 2007, this effect generates an approximately 25 percent increase in the
SCC relative to damages calculated by fixing GDP. In DICE2007, the time path of GDP is endogenous. Specifically,
the path of GDP depends on the rate of saving and level of abatement in each period chosen by the optimizing
representative agent in the model. We made two modifications to DICE to make it consistent with EMF GDP
trajectories (see next section): we assumed a fixed rate of savings of 20%, and we re-calibrated the exogenous
path of total factor productivity so that DICE would produce GDP projections in the absence of warming that
exactly matched the EMF scenarios.
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ecosystems, human health (diarrhea, vector-borne diseases, and cardiovascular and respiratory
mortality), and extreme weather. Each impact sector has a different functional form, and is calculated
separately for sixteen geographic regions. In some impact sectors, the fraction of output lost or gained
due to climate change depends not only on the absolute temperature change but also on the rate of
temperature change and level of regional income.” In the forestry and agricultural sectors, economic
damages also depend on CO, concentrations.

Tol (2009) discusses impacts not included in FUND, noting that many are likely to have a relatively small
effect on damage estimates (both positive and negative). However, he characterizes several omitted
impacts as “big unknowns”: for instance, extreme climate scenarios, biodiversity loss, and effects on
economic development and political violence. With regard to potentially catastrophic events, he notes,
“Exactly what would cause these sorts of changes or what effects they would have are not well-
understood, although the chance of any one of them happening seems low. But they do have the
potential to happen relatively quickly, and if they did, the costs could be substantial. Only a few studies
of climate change have examined these issues.”

Adaptation is included both implicitly and explicitly in FUND. Explicit adaptation is seen in the
agriculture and sea level rise sectors. Implicit adaptation is included in sectors such as energy and
human health, where wealthier populations are assumed to be less vulnerable to climate impacts. For
example, the damages to agriculture are the sum of three effects: (1) those due to the rate of
temperature change (damages are always positive); (2) those due to the level of temperature change
(damages can be positive or negative depending on region and temperature); and (3) those from CO,
fertilization (damages are generally negative but diminishing to zero).

Adaptation is incorporated into FUND by allowing damages to be smaller if climate change happens
more slowly. The combined effect of CO, fertilization in the agricultural sector, positive impacts to some
regions from higher temperatures, and sufficiently slow increases in temperature across these sectors
can result in negative economic damages from climate change.

Damage Functions

To generate revised SCC values, we rely on the IAM modelers’ current best judgments of how to
represent the effects of climate change (represented by the increase in global-average surface
temperature) on the consumption-equivalent value of both market and non-market goods (represented
as a fraction of global GDP). We recognize that these representations are incomplete and highly
uncertain. But given the paucity of data linking the physical impacts to economic damages, we were not
able to identify a better way to translate changes in climate into net economic damages, short of
launching our own research program.

* In the deterministic version of FUND, the majority of damages are attributable to increased air conditioning
demand, while reduced cold stress in Europe, North America, and Central and East Asia results in health benefits in
those regions at low to moderate levels of warming (Warren et al., 2006).
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Figure 1A: Annual Consumption Loss as a Fraction of Global GDP in 2100 Due to an Increase in Annual -
Global Temperature in the DICE, FUND, and PAGE models®
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The damage functions for the three IAMs are presented in Figures 1A and 1B, using the modeler’s
default scenarios and mean input assumptions. There are significant differences between the three
models both at lower (figure 1B) and higher (figure 1A) increases in global-average temperature.

The lack of agreement among the models at lower temperature increases is underscored by the fact that
the damages from FUND are well below the 5" percentile estimated by PAGE, while the damages
estimated by DICE are roughly equal to the 95" percentile estimated by PAGE. This is significant
because at higher discount rates we expect that a greater proportion of the SCC value is due to damages
in years with lower temperature increases. For example, when the discount rate is 2.5 percent, about
45 percent of the 2010 SCC value in DICE is due to damages that occur in years when the temperature is
less than or equal to 3 °C. This increases to approximately 55 percent and 80 percent at discount rates of
3 and 5 percent, respectively.

These differences underscore the need for a thorough review of damage functions—in particular, how
the models incorporate adaptation, technological change, and catastrophic damages. Gaps in the
literature make modifying these aspects of the models challenging, which highlights the need for
additional research. As knowledge improves, the Federal government is committed to exploring how
these (and other) models can be modified to incorporate more accurate estimates of damages.

3 The x-axis represents increases in annual, rather than equilibrium, temperature, while the y-axis represents the
annual stream of benefits as a share of global GDP. Each specific combination of climate sensitivity, socio-
economic, and emissions parameters will produce a different realization of damages for each IAM. The damage
functions represented in Figures 1A and 1B are the outcome of default assumptions. For instance, under alternate
assumptions, the damages from FUND may cross from negative to positive at less than or greater than 3 °C.
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Figure 1B: Annual Consumption Loss for Lower Temperature Changes in DICE, FUND, and PAGE -
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B. Global versus Domestic Measures of SCC

Because of the distinctive nature of the climate change problem, we center our current attention on a
global measure of SCC. This approach is the same as that taken for the interim values, but it otherwise
represents a departure from past practices, which tended to put greater emphasis on a domestic
measure of SCC (limited to impacts of climate change experienced within U.S. borders). As a matter of
law, consideration of both global and domestic values is generally permissible; the relevant statutory
provisions are usually ambiguous and allow selection of either measure.®

Global SCC

Under current OMB guidance contained in Circular A-4, analysis of economically significant proposed
and final regulations from the domestic perspective is required, while analysis from the international
perspective is optional. However, the climate change problem is highly unusual in at least two respects.
First, it involves a global externality: emissions of most greenhouse gases contribute to damages around
the world even when they are emitted in the United States. Consequently, to address the global nature
of the problem, the SCC must incorporate the full (global) damages caused by GHG emissions. Second,
climate change presents a problem that the United States alone cannot solve. Even if the United States
were to reduce its greenhouse gas emissions to zero, that step would be far from enough to avoid
substantial climate change. Other countries would also need to take action to reduce emissions if

® It is true that federal statutes are presumed not to have extraterritorial effect, in part to ensure that the laws of
the United States respect the interests of foreign sovereigns. But use of a global measure for the SCC does not give
extraterritorial effect to federal law and hence does not intrude on such interests.
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significant changes in the global climate are to be avoided. Emphasizing the need for a global solution to
a global problem, the United States has been actively involved in seeking international agreements to
reduce emissions and in encouraging other nations, including emerging major economies, to take
significant steps to reduce emissions. When these considerations are taken as a whole, the interagency
group concluded that a global measure of the benefits from reducing U.S. emissions is preferable.

When quantifying the damages associated with a change in emissions, a number of analysts (e.g.,
Anthoff, et al. 2009a) employ “equity weighting” to aggregate changes in consumption across regions.
This weighting takes into account the relative reductions in wealth in different regions of the world. A
per-capita loss of $500 in GDP, for instance, is weighted more heavily in a country with a per-capita GDP
of $2,000 than in one with a per-capita GDP of $40,000. The main argument for this approach is that a
loss of $500 in a poor country causes a greater reduction in utility or welfare than does the same loss in
a wealthy nation. Notwithstanding the theoretical claims on behalf of equity weighting, the interagency
group concluded that this approach would not be appropriate for estimating a SCC value used in
domestic regulatory analysis.” For this reason, the group concluded that using the global (rather than
domestic) value, without equity weighting, is the appropriate approach.

Domestic SCC

As an empirical matter, the development of a domestic SCC is greatly complicated by the relatively few
region- or country-specific estimates of the SCC in the literature. One potential source of estimates
comes from the FUND model. The resulting estimates suggest that the ratio of domestic to global
benefits of emission reductions varies with key parameter assumptions. For example, with a 2.5 or 3
percent discount rate, the U.S. benefit is about 7-10 percent of the global benefit, on average, across the
scenarios analyzed. Alternatively, if the fraction of GDP lost due to climate change is assumed to be
similar across countries, the domestic benefit would be proportional to the U.S. share of global GDP,
which is currently about 23 percent.?

On the basis of this evidence, the interagency workgroup determined that a range of values from 7 to 23
percent should be used to adjust the global SCC to calculate domestic effects. Reported domestic values
should use this range. It is recognized that these values are approximate, provisional, and highly
speculative. There is no a priori reason why domestic benefits should be a constant fraction of net global
damages over time. Further, FUND does not account for how damages in other regions could affect the
United States (e.g., global migration, economic and political destabilization). If more accurate methods
for calculating the domestic SCC become available, the Federal government will examine these to
determine whether to update its approach.

Tt is plausible that a loss of $X inflicts more serious harm on a poor nation than on a wealthy one, but
development of the appropriate "equity weight" is challenging. Emissions reductions also impose costs, and hence
a full account would have to consider that a given cost of emissions reductions imposes a greater utility or welfare
loss on a poor nation than on a wealthy one. Even if equity weighting—for both the costs and benefits of emissions
reductions—is appropriate when considering the utility or welfare effects of international action, the interagency
group concluded that it should not be used in developing an SCC for use in regulatory policy at this time.
¥ Based on 2008 GDP (in current US dollars) from the World Bank Development Indicators Report.
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C. Valuing Non-CO, Emissions

While CO, is the most prevalent greenhouse gas emitted into the atmosphere, the U.S. included five
other greenhouse gases in its recent endangerment finding: methane, nitrous oxide,
hydrofluorocarbons, perfluorocarbons, and sulfur hexafluoride. The climate impact of these gases is
commonly discussed in terms of their 100-year global warming potential (GWP). GWP measures the
ability of different gases to trap heat in the atmosphere (i.e., radiative forcing per unit of mass) over a
particular timeframe relative to CO,. However, because these gases differ in both radiative forcing and
atmospheric lifetimes, their relative damages are not constant over time. For example, because
methane has a short lifetime, its impacts occur primarily in the near term and thus are not discounted as
heavily as those caused by longer-lived gases. Impacts other than temperature change also vary across
gases in ways that are not captured by GWP. For instance, CO, emissions, unlike methane and other
greenhouse gases, contribute to ocean acidification. Likewise, damages from methane emissions are
not offset by the positive effect of CO, fertilization. Thus, transforming gases into CO,-equivalents using
GWP, and then multiplying the carbon-equivalents by the SCC, would not result in accurate estimates of
the social costs of non-CO, gases.

In light of these limitations, and the significant contributions of non-CO, emissions to climate change,
further research is required to link non-CO, emissions to economic impacts. Such work would feed into
efforts to develop a monetized value of reductions in non-CO, greenhouse gas emissions. As part of
ongoing work to further improve the SCC estimates, the interagency group hopes to develop methods to
value these other greenhouse gases. The goal is to develop these estimates by the time we issue
revised SCC estimates for carbon dioxide emissions.

D. Equilibrium Climate Sensitivity

Equilibrium climate sensitivity (ECS) is a key input parameter for the DICE, PAGE, and FUND models.’ It
is defined as the long-term increase in the annual global-average surface temperature from a doubling
of atmospheric CO, concentration relative to pre-industrial levels (or stabilization at a concentration of
approximately 550 parts per million (ppm)). Uncertainties in this important parameter have received
substantial attention in the peer-reviewed literature.

The most authoritative statement about equilibrium climate sensitivity appears in the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change (IPCC):

Basing our assessment on a combination of several independent lines of evidence...including
observed climate change and the strength of known feedbacks simulated in [global climate models],
we conclude that the global mean equilibrium warming for doubling CO,, or ‘equilibrium climate

° The equilibrium climate sensitivity includes the response of the climate system to increased greenhouse gas
concentrations over the short to medium term (up to 100-200 years), but it does not include long-term feedback
effects due to possible large-scale changes in ice sheets or the biosphere, which occur on a time scale of many
hundreds to thousands of years (e.g. Hansen et al. 2007).
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sensitivity’, is likely to lie in the range 2 °C to 4.5 °C, with a most likely value of about 3 °C.
Equilibrium climate sensitivity is very likely larger than 1.5 °C. "

For fundamental physical reasons as well as data limitations, values substantially higher than 4.5 °C
still cannot be excluded, but agreement with observations and proxy data is generally worse for
those high values than for values in the 2 °C to 4.5 °C range. (Meehl et al., 2007, p 799)

After consulting with several lead authors of this chapter of the IPCC report, the interagency workgroup
selected four candidate probability distributions and calibrated them to be consistent with the above
statement: Roe and Baker (2007), log-normal, gamma, and Weibull. Table 1 included below gives
summary statistics for the four calibrated distributions.

Table 1: Summary Statistics for Four Calibrated Climate Sensitivity Distributions

Roe & Baker Log-normal Gamma Weibull
Pr(ECS < 1.5°C) 0.013 0.050 0.070 0.102
Pr(2°C < ECS < 4.5°C) 0.667 0.667 0.667 0.667
5" percentile 1.72 1.49 1.37 1.13
10" percentile 1.91 1.74 1.65 1.48
Mode 2.34 2.52 2.65 2.90
Median (50" percentile) | 3.00 3.00 3.00 3.00
Mean 3.50 3.28 3.19 3.07
90" percentile 5.86 5.14 4.93 4.69
95" percentile 7.14 5.97 5.59 5.17

Each distribution was calibrated by applying three constraints from the IPCC:

(1) a median equal to 3°C, to reflect the judgment of “a most likely value of about 3 °C”;**
(2) two-thirds probability that the equilibrium climate sensitivity lies between 2 and 4.5 °C; and
(3) zero probability that it is less than 0°C or greater than 10°C (see Hegerl et al. 2006, p. 721).

We selected the calibrated Roe and Baker distribution from the four candidates for two reasons. First,
the Roe and Baker distribution is the only one of the four that is based on a theoretical understanding of
the response of the climate system to increased greenhouse gas concentrations (Roe and Baker 2007,

' This is in accord with the judgment that it “is likely to lie in the range 2 °C to 4.5 °C” and the IPCC definition of
“likely” as greater than 66 percent probability (Le Treut et al.2007). “Very likely” indicates a greater than 90
percent probability.
n Strictly speaking, “most likely” refers to the mode of a distribution rather than the median, but common usage
would allow the mode, median, or mean to serve as candidates for the central or “most likely” value and the IPCC
report is not specific on this point. For the distributions we considered, the median was between the mode and
the mean. For the Roe and Baker distribution, setting the median equal to 3°C, rather than the mode or mean,
gave a 95" percentile that is more consistent with IPCC judgments and the literature. For example, setting the
mean and mode equal to 3°C produced 95" percentiles of 5.6 and 8.6 °C, respectively, which are in the lower and
upper end of the range in the literature. Finally, the median is closer to 3°C than is the mode for the truncated
distributions selected by the IPCC (Hegerl, et al., 2006); the average median is 3.1 °C and the average mode is 2.3
°C, which is most consistent with a Roe and Baker distribution with the median set equal to 3 °C.
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Roe 2008). In contrast, the other three distributions are mathematical functions that are arbitrarily
chosen based on simplicity, convenience, and general shape. The Roe and Baker distribution results
from three assumptions about climate response: (1) absent feedback effects, the equilibrium climate
sensitivity is equal to 1.2 °C; (2) feedback factors are proportional to the change in surface temperature;
and (3) uncertainties in feedback factors are normally distributed. There is widespread agreement on
the first point and the second and third points are common assumptions.

Second, the calibrated Roe and Baker distribution better reflects the IPCC judgment that “values
substantially higher than 4.5°C still cannot be excluded.” Although the IPCC made no quantitative
judgment, the 95t percentile of the calibrated Roe & Baker distribution (7.1 °C) is much closer to the
mean and the median (7.2 °C) of the 95" percentiles of 21 previous studies summarized by Newbold and
Daigneault (2009). It is also closer to the mean (7.5 °C) and median (7.9 °C) of the nine truncated
distributions examined by the IPCC (Hegerl, et al., 2006) than are the 95" percentiles of the three other
calibrated distributions (5.2-6.0 °C).

Finally, we note the IPCC judgment that the equilibrium climate sensitivity “is very likely larger than
1.5°C.” Although the calibrated Roe & Baker distribution, for which the probability of equilibrium climate
sensitivity being greater than 1.5°C is almost 99 percent, is not inconsistent with the IPCC definition of
“very likely” as “greater than 90 percent probability,” it reflects a greater degree of certainty about very
low values of ECS than was expressed by the IPCC.

Figure 2: Estimates of the Probability Density Function for Equilibrium Climate Sensitivity (°C)
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To show how the calibrated Roe and Baker distribution compares to different estimates of the

probability distribution function of equilibrium climate sensitivity in the empirical literature, Figure 2
(below) overlays it on Figure 9.20 from the IPCC Fourth Assessment Report. These functions are scaled
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to integrate to unity between 0 °C and 10 °C. The horizontal bars show the respective 5 percent to 95
percent ranges; dots indicate the median estimate.™

E. Socio-Economic and Emissions Trajectories

Another key issue considered by the interagency group is how to select the set of socio-economic and
emissions parameters for use in PAGE, DICE, and FUND. Socio-economic pathways are closely tied to
climate damages because, all else equal, more and wealthier people tend to emit more greenhouse
gases and also have a higher (absolute) willingness to pay to avoid climate disruptions. For this reason,
we consider how to model several input parameters in tandem: GDP, population, CO, emissions, and
non-CO, radiative forcing. A wide variety of scenarios have been developed and used for climate change
policy simulations (e.g., SRES 2000, CCSP 2007, EMF 2009). In determining which scenarios are
appropriate for inclusion, we aimed to select scenarios that span most of the plausible ranges of
outcomes for these variables.

To accomplish this task in a transparent way, we decided to rely on the recent Stanford Energy Modeling
Forum exercise, EMF-22. EMF-22 uses ten well-recognized models to evaluate substantial, coordinated
global action to meet specific stabilization targets. A key advantage of relying on these data is that GDP,
population, and emission trajectories are internally consistent for each model and scenario evaluated.
The EMF-22 modeling effort also is preferable to the IPCC SRES due to their age (SRES were developed in
1997) and the fact that 3 of 4 of the SRES scenarios are now extreme outliers in one or more variables.
Although the EMF-22 scenarios have not undergone the same level of scrutiny as the SRES scenarios,
they are recent, peer-reviewed, published, and publicly available.

To estimate the SCC for use in evaluating domestic policies that will have a small effect on global
cumulative emissions, we use socio-economic and emission trajectories that span a range of plausible
scenarios. Five trajectories were selected from EMF-22 (see Table 2 below). Four of these represent
potential business-as-usual (BAU) growth in population, wealth, and emissions and are associated with
CO, (only) concentrations ranging from 612 to 889 ppm in 2100. One represents an emissions pathway
that achieves stabilization at 550 ppm CO.e (i.e., CO,-only concentrations of 425 — 484 ppm or a
radiative forcing of 3.7 W/m?) in 2100, a lower-than-BAU trajectory.”® Out of the 10 models included in
the EMF-22 exercise, we selected the trajectories used by MiniCAM, MESSAGE, IMAGE, and the
optimistic scenario from MERGE. For the BAU pathways, we used the GDP, population, and emission
trajectories from each of these four models. For the 550 ppm CO,e scenario, we averaged the GDP,
population, and emission trajectories implied by these same four models.

2 The estimates based on instrumental data are from Andronova and Schlesinger (2001), Forest et al. (2002;

dashed line, anthropogenic forcings only), Forest et al. (2006; solid line, anthropogenic and natural forcings),
Gregory et al. (2002a), Knutti et al. (2002), Frame et al. (2005), and Forster and Gregory (2006). Hegerl et al. (2006)
are based on multiple palaeoclimatic reconstructions of north hemisphere mean temperatures over the last 700
years. Also shown are the 5-95 percent approximate ranges for two estimates from the last glacial maximum
(dashed, Annan et al. 2005; solid, Schneider von Deimling et al. 2006), which are based on models with different
structural properties.
2 Such an emissions path would be consistent with widespread action by countries to mitigate GHG emissions,
though it could also result from technological advances. It was chosen because it represents the most stringent
case analyzed by the EMF-22 where all the models converge: a 550 ppm, not to exceed, full participation scenario.
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Table 2: Socioeconomic and Emissions Projections from Select EMF-22 Reference Scenarios -

Reference Fossil and Industrial CO, Emissions (GtCO,/yr) -

EMF — 22 Based Scenarios 2000 2010 2020 2030 2050 2100
IMAGE 26.6 31.9 36.9 40.0 45.3 60.1

MERGE Optimistic 24.6 31.5 37.6 45.1 66.5 117.9
MESSAGE 26.8 29.2 37.6 42.1 43.5 42.7
MiniCAM 26.5 31.8 38.0 45.1 57.8 80.5

550 ppm average 26.2 31.1 33.2 324 20.0 12.8

Reference GDP (using market exchange rates in trillion 2005$)"

EMF — 22 Based Scenarios 2000 2010 2020 2030 2050 2100
IMAGE 38.6 53.0 73.5 97.2 156.3 396.6

MERGE Optimistic 36.3 45.9 59.7 76.8 122.7 268.0
MESSAGE 38.1 52.3 69.4 91.4 153.7 334.9
MiniCAM 36.1 47.4 60.8 78.9 125.7 369.5

550 ppm average 37.1 49.6 65.6 85.5 137.4 337.9

Global Population (billions)

EMF — 22 Based Scenarios 2000 2010 2020 2030 2050 2100
IMAGE 6.1 6.9 7.6 8.2 9.0 9.1
MERGE Optimistic 6.0 6.8 7.5 8.2 9.0 9.7
MESSAGE 6.1 6.9 7.7 8.4 9.4 10.4
MiniCAM 6.0 6.8 7.5 8.1 8.8 8.7
550 ppm average 6.1 6.8 7.6 8.2 8.7 9.1

We explore how sensitive the SCC is to various assumptions about how the future will evolve without
prejudging what is likely to occur. The interagency group considered formally assigning probability
weights to different states of the world, but this proved challenging to do in an analytically rigorous way
given the dearth of information on the likelihood of a full range of future socio-economic pathways.

There are a number of caveats. First, EMF BAU scenarios represent the modelers’ judgment of the most
likely pathway absent mitigation policies to reduce greenhouse gas emissions, rather than the wider
range of possible outcomes. Nevertheless, these views of the most likely outcome span a wide range,

% While the EMF-22 models used market exchange rates (MER) to calculate global GDP, it is also possible to use
purchasing power parity (PPP). PPP takes into account the different price levels across countries, so it more
accurately describes relative standards of living across countries. MERs tend to make low-income countries appear
poorer than they actually are. Because many models assume convergence in per capita income over time, use of
MER-adjusted GDP gives rise to projections of higher economic growth in low income countries. There is an
ongoing debate about how much this will affect estimated climate impacts. Critics of the use of MER argue that it
leads to overstated economic growth and hence a significant upward bias in projections of greenhouse gas
emissions, and unrealistically high future temperatures (e.g., Castles and Henderson 2003). Others argue that
convergence of the emissions-intensity gap across countries at least partially offset the overstated income gap so
that differences in exchange rates have less of an effect on emissions (Holtsmark and Alfsen, 2005; Tol, 2006).
Nordhaus (2007b) argues that the ideal approach is to use superlative PPP accounts (i.e., using cross-sectional PPP
measures for relative incomes and outputs and national accounts price and quantity indexes for time-series
extrapolations). However, he notes that it important to keep this debate in perspective; it is by no means clear that
exchange-rate-conversion issues are as important as uncertainties about population, technological change, or the
many geophysical uncertainties.
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from the more optimistic (e.g. abundant low-cost, low-carbon energy) to more pessimistic (e.g.
constraints on the availability of nuclear and renewables).”® Second, the socio-economic trajectories
associated with a 550 ppm CO,e concentration scenario are not derived from an assessment of what
policy is optimal from a benefit-cost standpoint. Rather, it is indicative of one possible future outcome.
The emission trajectories underlying some BAU scenarios (e.g. MESSAGE’s 612 ppm) also are consistent
with some modest policy action to address climate change.’® We chose not to include socio-economic
trajectories that achieve even lower GHG concentrations at this time, given the difficulty many models
had in converging to meet these targets.

For comparison purposes, the Energy Information Agency in its 2009 Annual Energy Outlook projected
that global carbon dioxide emissions will grow to 30.8, 35.6, and 40.4 gigatons in 2010, 2020, and 2030,
respectively, while world GDP is projected to be $51.8, $71.0 and $93.9 trillion (in 2005 dollars using
market exchange rates) in 2010, 2020, and 2030, respectively. These projections are consistent with
one or more EMF-22 scenarios. Likewise, the United Nations’ 2008 Population Prospect projects
population will grow from 6.1 billion people in 2000 to 9.1 billion people in 2050, which is close to the
population trajectories for the IMAGE, MiniCAM, and MERGE models.

In addition to fossil and industrial CO, emissions, each EMF scenario provides projections of methane,
nitrous oxide, fluorinated greenhouse gases, and net land use CO, emissions out to 2100. These
assumptions also are used in the three models while retaining the default radiative forcings due to other
factors (e.g. aerosols and other gases). See the Appendix for greater detail.

F. Discount Rate

The choice of a discount rate, especially over long periods of time, raises highly contested and
exceedingly difficult questions of science, economics, philosophy, and law. Although it is well
understood that the discount rate has a large influence on the current value of future damages, there is
no consensus about what rates to use in this context. Because carbon dioxide emissions are long-lived,
subsequent damages occur over many years. In calculating the SCC, we first estimate the future
damages to agriculture, human health, and other market and non-market sectors from an additional
unit of carbon dioxide emitted in a particular year in terms of reduced consumption (or consumption
equivalents) due to the impacts of elevated temperatures, as represented in each of the three IAMs.
Then we discount the stream of future damages to its present value in the year when the additional unit
of emissions was released using the selected discount rate, which is intended to reflect society's
marginal rate of substitution between consumption in different time periods.

For rules with both intra- and intergenerational effects, agencies traditionally employ constant discount
rates of both 3 percent and 7 percent in accordance with OMB Circular A-4. As Circular A-4
acknowledges, however, the choice of discount rate for intergenerational problems raises distinctive

> For instance, in the MESSAGE model’s reference case total primary energy production from nuclear, biomass,
and non-biomass renewables is projected to increase from about 15 percent of total primary energy in 2000 to 54
percent in 2100. In comparison, the MiniCAM reference case shows 10 percent in 2000 and 21 percent in 2100.
' For example, MiniCAM projects if all non-US OECD countries reduce CO, emissions to 83 percent below 2005
levels by 2050 (per the G-8 agreement) but all other countries continue along a BAU path CO, concentrations in
2100 would drop from 794 ppmv in its reference case to 762 ppmv.
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problems and presents considerable challenges. After reviewing those challenges, Circular A-4 stat?”hc
your rule will have important intergenerational benefits or costs you might consider a further sensitivity
analysis using a lower but positive discount rate in addition to calculating net benefits using discount
rates of 3 and 7 percent.” For the specific purpose of developing the SCC, we adapt and revise that
approach here.

Arrow et al. (1996) outlined two main approaches to determine the discount rate for climate change
analysis, which they labeled “descriptive” and “prescriptive.” The descriptive approach reflects a
positive (non-normative) perspective based on observations of people’s actual choices—e.g., savings
versus consumption decisions over time, and allocations of savings among more and less risky
investments. Advocates of this approach generally call for inferring the discount rate from market rates
of return “because of a lack of justification for choosing a social welfare function that is any different
than what decision makers [individuals] actually use” (Arrow et al. 1996).

One theoretical foundation for the cost-benefit analyses in which the social cost of carbon will be used—
the Kaldor-Hicks potential-compensation test—also suggests that market rates should be used to
discount future benefits and costs, because it is the market interest rate that would govern the returns
potentially set aside today to compensate future individuals for climate damages that they bear (e.g.,
Just et al. 2004). As some have noted, the word “potentially” is an important qualification; there is no
assurance that such returns will actually be set aside to provide compensation, and the very idea of
compensation is difficult to define in the intergenerational context. On the other hand, societies
provide compensation to future generations through investments in human capital and the resulting
increase in knowledge, as well as infrastructure and other physical capital.

The prescriptive approach specifies a social welfare function that formalizes the normative judgments
that the decision-maker wants explicitly to incorporate into the policy evaluation—e.g., how inter-
personal comparisons of utility should be made, and how the welfare of future generations should be
weighed against that of the present generation. Ramsey (1928), for example, has argued that it is
“ethically indefensible” to apply a positive pure rate of time preference to discount values across
generations, and many agree with this view.

Other concerns also motivate making adjustments to descriptive discount rates. In particular, it has
been noted that the preferences of future generations with regard to consumption versus
environmental amenities may not be the same as those today, making the current market rate on
consumption an inappropriate metric by which to discount future climate-related damages. Others
argue that the discount rate should be below market rates to correct for market distortions and
uncertainties or inefficiencies in intergenerational transfers of wealth, which in the Kaldor-Hicks logic
are presumed to compensate future generations for damage (a potentially controversial assumption, as
noted above) (Arrow et al. 1996, Weitzman 1999).

Further, a legitimate concern about both descriptive and prescriptive approaches is that they tend to
obscure important heterogeneity in the population. The utility function that underlies the prescriptive
approach assumes a representative agent with perfect foresight and no credit constraints. This is an
artificial rendering of the real world that misses many of the frictions that characterize individuals’ lives
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and indeed the available descriptive evidence supports this. For instance, many individuals smooth
consumption by borrowing with credit cards that have relatively high rates. Some are unable to access
traditional credit markets and rely on payday lending operations or other high cost forms of smoothing
consumption. Whether one puts greater weight on the prescriptive or descriptive approach, the high
interest rates that credit-constrained individuals accept suggest that some account should be given to
the discount rates revealed by their behavior.

We draw on both approaches but rely primarily on the descriptive approach to inform the choice of
discount rate. With recognition of its limitations, we find this approach to be the most defensible and
transparent given its consistency with the standard contemporary theoretical foundations of benefit-
cost analysis and with the approach required by OMB’s existing guidance. The logic of this framework
also suggests that market rates should be used for discounting future consumption-equivalent damages.
Regardless of the theoretical approach used to derive the appropriate discount rate(s), we note the
inherent conceptual and practical difficulties of adequately capturing consumption trade-offs over many
decades or even centuries. While relying primarily on the descriptive approach in selecting specific
discount rates, the interagency group has been keenly aware of the deeply normative dimensions of
both the debate over discounting in the intergenerational context and the consequences of selecting
one discount rate over another.

Historically Observed Interest Rates

In a market with no distortions, the return to savings would equal the private return on investment, and
the market rate of interest would be the appropriate choice for the social discount rate. In the real
world risk, taxes, and other market imperfections drive a wedge between the risk-free rate of return on
capital and the consumption rate of interest. Thus, the literature recognizes two conceptual discount
concepts—the consumption rate of interest and the opportunity cost of capital.

According to OMB'’s Circular A-4, it is appropriate to use the rate of return on capital when a regulation
is expected to displace or alter the use of capital in the private sector. In this case, OMB recommends
Agencies use a discount rate of 7 percent. When regulation is expected to primarily affect private
consumption—for instance, via higher prices for goods and services—a lower discount rate of 3 percent
is appropriate to reflect how private individuals trade-off current and future consumption.

The interagency group examined the economics literature and concluded that the consumption rate of
interest is the correct concept to use in evaluating the benefits and costs of a marginal change in carbon
emissions (see Lind 1990, Arrow et al 1996, and Arrow 2000). The consumption rate of interest also is
appropriate when the impacts of a regulation are measured in consumption (-equivalent) units, as is
done in the three integrated assessment models used for estimating the SCC.

Individuals use a variety of savings instruments that vary with risk level, time horizon, and tax
characteristics. The standard analytic framework used to develop intuition about the discount rate
typically assumes a representative agent with perfect foresight and no credit constraints. The risk-free
rate is appropriate for discounting certain future benefits or costs, but the benefits calculated by IAMs
are uncertain. To use the risk-free rate to discount uncertain benefits, these benefits first must be
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transformed into "certainty equivalents," that is the maximum certain amount that we would exchange
for the uncertain amount. However, the calculation of the certainty-equivalent requires first estimating
the correlation between the benefits of the policy and baseline consumption.

If the IAM projections of future impacts represent expected values (not certainty-equivalent values),
then the appropriate discount rate generally does not equal the risk-free rate. If the benefits of the
policy tend to be high in those states of the world in which consumption is low, then the certainty-
equivalent benefits will be higher than the expected benefits (and vice versa). Since many (though not
necessarily all) of the important impacts of climate change will flow through market sectors such as
agriculture and energy, and since willingness to pay for environmental protections typically increases
with income, we might expect a positive (though not necessarily perfect) correlation between the net
benefits from climate policies and market returns. This line of reasoning suggests that the proper
discount rate would exceed the riskless rate. Alternatively, a negative correlation between the returns
to climate policies and market returns would imply that a discount rate below the riskless rate is
appropriate.

This discussion suggests that both the post-tax riskless and risky rates can be used to capture individuals’
consumption-equivalent interest rate. As a measure of the post-tax riskless rate, we calculate the
average real return from Treasury notes over the longest time period available (those from Newell and
Pizer 2003) and adjust for Federal taxes (the average marginal rate from tax years 2003 through 2006 is
around 27 percent).'” This calculation produces a real interest rate of about 2.7 percent, which is
roughly consistent with Circular A-4’s recommendation to use 3 percent to represent the consumption
rate of interest.”® A measure of the post-tax risky rate for investments whose returns are positively
correlated with overall equity market returns can be obtained by adjusting pre-tax rates of household
returns to risky investments (approximately 7 percent) for taxes yields a real rate of roughly 5 percent.”

The Ramsey Equation

Ramsey discounting also provides a useful framework to inform the choice of a discount rate. Under
this approach, the analyst applies either positive or normative judgments in selecting values for the key
parameters of the Ramsey equation: 1 (coefficient of relative risk aversion or elasticity of the marginal
utility of consumption) and p (pure rate of time preference).”® These are then combined with g (growth

Y The literature argues for a risk-free rate on government bonds as an appropriate measure of the consumption
rate of interest. Arrow (2000) suggests that it is roughly 3-4 percent. OMB cites evidence of a 3.1 percent pre-tax
rate for 10-year Treasury notes in the A-4 guidance. Newell and Pizer (2003) find real interest rates between 3.5
and 4 percent for 30-year Treasury securities.
'8 The positive approach reflects how individuals make allocation choices across time, but it is important to keep in
mind that we wish to reflect preferences for society as a whole, which generally has a longer planning horizon.
% cambell et al (2001) estimates that the annual real return from stocks for 1900-1995 was about 7 percent. The
annual real rate of return for the S&P 500 from 1950 — 2008 was about 6.8 percent. In the absence of a better way
to population-weight the tax rates, we use the middle of the 20 — 40 percent range to derive a post-tax interest
rate (Kotlikoff and Rapson 2006).
% The parameter p measures the pure rate of time preference: people’s behavior reveals a preference for an
increase in utility today versus the future. Consequently, it is standard to place a lower weight on utility in the
future. The parameter n captures diminishing marginal utility: consumption in the future is likely to be higher than
consumption today, so diminishing marginal utility of consumption implies that the same monetary damage will
20
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rate of per-capita consumption) to equal the interest rate at which future monetized damages are
discounted: p + n-g.' In the simplest version of the Ramsey model, with an optimizing representative
agent with perfect foresight, what we are calling the “Ramsey discount rate,” p + n-g, will be equal to
the rate of return to capital, i.e., the market interest rate.

A review of the literature provides some guidance on reasonable parameter values for the Ramsey
discounting equation, based on both prescriptive and descriptive approaches.

e 1. Most papers in the climate change literature adopt values for n in the range of 0.5 to 3
(Weitzman cites plausible values as those ranging from 1 to 4), although not all authors
articulate whether their choice is based on prescriptive or descriptive reasoning.”> Dasgupta
(2008) argues that n should be greater than 1 and may be as high as 3, since n equal to 1
suggests savings rates that do not conform to observed behavior.

e p. With respect to the pure rate of time preference, most papers in the climate change
literature adopt values for p in the range of 0 to 3 percent per year. The very low rates tend to
follow from moral judgments involving intergenerational neutrality. Some have argued that to
use any value other than p = 0 would unjustly discriminate against future generations (e.g.,
Arrow et al. 1996, Stern et al. 2006). However, even in an inter-generational setting, it may
make sense to use a small positive pure rate of time preference because of the small
probability of unforeseen cataclysmic events (Stern et al. 2006).

e g. A commonly accepted approximation is around 2 percent per year. For the socio-economic
scenarios used for this exercise, the EMF models assume that g is about 1.5-2 percent to 2100.

Some economists and non-economists have argued for constant discount rates below 2 percent based
on the prescriptive approach. When grounded in the Ramsey framework, proponents of this approach
have argued that a p of zero avoids giving preferential treatment to one generation over another. The
choice of n has also been posed as an ethical choice linked to the value of an additional dollar in poorer

cause a smaller reduction of utility for wealthier individuals, either in the future or in current generations. If =0,
then a one dollar increase in income is equally valuable regardless of level of income; if n= 1, then a one percent
increase in income is equally valuable no matter the level of income; and if n> 1, then a one percent increase in
income is less valuable to wealthier individuals.
! In this case, g could be taken from the selected EMF socioeconomic scenarios or alternative assumptions about
the rate of consumption growth.
2 Empirical estimates of 1| span a wide range of values. A benchmark value of 2 is near the middle of the range of
values estimated or used by Szpiro (1986), Hall and Jones (2007), Arrow (2007), Dasgupta (2006, 2008), Weitzman
(2007, 2009), and Nordhaus (2008). However, Chetty (2006) developed a method of estimating n using data on
labor supply behavior. He shows that existing evidence of the effects of wage changes on labor supply imposes a
tight upper bound on the curvature of utility over wealth (CRRA < 2) with the mean implied value of 0.71 and
concludes that the standard expected utility model cannot generate high levels of risk aversion without
contradicting established facts about labor supply. Recent work has jointly estimated the components of the
Ramsey equation. Evans and Sezer (2005) estimate n = 1.49 for 22 OECD countries. They also estimate p = 1.08
percent per year using data on mortality rates. Anthoff, et al. (2009b) estimate n = 1.18, and p = 1.4 percent.
When they multiply the bivariate probability distributions from their work and Evans and Sezer (2005) together,
they find n = 1.47, and p = 1.07.

21


http:reasoning.22

Dr. Stephen Polasky Direct Testimony

Clean Energy Organizations

PUC Docket No. E-999/CI-14-643 Schedule 2
OAH Docket No. 80-2500-31888 Exhibit

countries compared to wealthier ones. Stern et al. (2006) applies this perspective through his choice of
p = 0.1 percent per year, 1 =1 and g = 1.3 percent per year, which yields an annual discount rate of 1.4
percent. In the context of permanent income savings behavior, however, Stern’s assumptions suggest
that individuals would save 93 percent of their income.”

Recently, Stern (2008) revisited the values used in Stern et al. (2006), stating that there is a case to be
made for raising 1 due to the amount of weight lower values place on damages far in the future (over 90
percent of expected damages occur after 2200 with m = 1). Using Stern’s assumption that p= 0.1
percent, combined with a n of 1.5 to 2 and his original growth rate, yields a discount rate greater 2
percent.

We conclude that arguments made under the prescriptive approach can be used to justify discount rates
between roughly 1.4 and 3.1 percent. In light of concerns about the most appropriate value for n, we
find it difficult to justify rates at the lower end of this range under the Ramsey framework.

Accounting for Uncertainty in the Discount Rate

While the consumption rate of interest is an important driver of the benefits estimate, it is uncertain
over time. Ideally, we would formally model this uncertainty, just as we do for climate sensitivity.
Weitzman (1998, 2001) showed theoretically and Newell and Pizer (2003) and Groom et al. (2006)
confirm empirically that discount rate uncertainty can have a large effect on net present values. A main
result from these studies is that if there is a persistent element to the uncertainty in the discount rate
(e.g., the rate follows a random walk), then it will result in an effective (or certainty-equivalent) discount
rate that declines over time. Consequently, lower discount rates tend to dominate over the very long
term (see Weitzman 1998, 1999, 2001; Newell and Pizer 2003; Groom et al. 2006; Gollier 2008;
Summers and Zeckhauser 2008; and Gollier and Weitzman 2009).

The proper way to model discount rate uncertainty remains an active area of research. Newell and Pizer
(2003) employ a model of how long-term interest rates change over time to forecast future discount
rates. Their model incorporates some of the basic features of how interest rates move over time, and its
parameters are estimated based on historical observations of long-term rates. Subsequent work on this
topic, most notably Groom et al. (2006), uses more general models of interest rate dynamics to allow for
better forecasts. Specifically, the volatility of interest rates depends on whether rates are currently low
or high and variation in the level of persistence over time.

While Newell and Pizer (2003) and Groom et al (2006) attempt formally to model uncertainty in the
discount rate, others argue for a declining scale of discount rates applied over time (e.g., Weitzman
2001, and the UK’s “Green Book” for regulatory analysis). This approach uses a higher discount rate

> Stern (2008) argues that building in a positive rate of exogenous technical change over time reduces the implied
savings rate and that n at or above 2 are inconsistent with observed behavior with regard to equity. (At the same
time, adding exogenous technical change—all else equal—would increase g as well.)
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initially, but applies a graduated scale of lower discount rates further out in time.* A key question that
has emerged with regard to both of these approaches is the trade-off between potential time
inconsistency and giving greater weight to far future outcomes (see the EPA Science Advisory Board'’s
recent comments on this topic as part of its review of their Guidelines for Economic Analysis).”

The Discount Rates Selected for Estimating SCC

In light of disagreement in the literature on the appropriate market interest rate to use in this context
and uncertainty about how interest rates may change over time, we use three discount rates to span a
plausible range of certainty-equivalent constant discount rates: 2.5, 3, and 5 percent per year. Based on
the review in the previous sections, the interagency workgroup determined that these three rates
reflect reasonable judgments under both descriptive and prescriptive approaches.

The central value, 3 percent, is consistent with estimates provided in the economics literature and
OMB’s Circular A-4 guidance for the consumption rate of interest. As previously mentioned, the
consumption rate of interest is the correct discounting concept to use when future damages from
elevated temperatures are estimated in consumption-equivalent units. Further, 3 percent roughly
corresponds to the after-tax riskless interest rate. The upper value of 5 percent is included to represent
the possibility that climate damages are positively correlated with market returns. Additionally, this
discount rate may be justified by the high interest rates that many consumers use to smooth
consumption across periods.

The low value, 2.5 percent, is included to incorporate the concern that interest rates are highly
uncertain over time. It represents the average certainty-equivalent rate using the mean-reverting and
random walk approaches from Newell and Pizer (2003) starting at a discount rate of 3 percent. Using
this approach, the certainty equivalent is about 2.2 percent using the random walk model and 2.8
percent using the mean reverting approach.® Without giving preference to a particular model, the
average of the two rates is 2.5 percent. Further, a rate below the riskless rate would be justified if
climate investments are negatively correlated with the overall market rate of return. Use of this lower
value also responds to certain judgments using the prescriptive or normative approach and to ethical
objections that have been raised about rates of 3 percent or higher.

* For instance, the UK applies a discount rate of 3.5 percent to the first 30 years; 3 percent for years 31 - 75; 2.5
percent for years 76 - 125; 2 percent for years 126 - 200; 1.5 percent for years 201 - 300; and 1 percent after 300
years. As a sensitivity, it recommends a discount rate of 3 percent for the first 30 years, also decreasing over time.
» Uncertainty in future damages is distinct from uncertainty in the discount rate. Weitzman (2008) argues that
Stern’s choice of a low discount rate was “right for the wrong reasons.” He demonstrates how the damages from a
low probability, catastrophic event far in the future dominate the effect of the discount rate in a present value
calculation and result in an infinite willingness-to-pay for mitigation today. Newbold and Daigneault, (2009) and
Nordhaus (2009) find that Weitzman’s result is sensitive to the functional forms chosen for climate sensitivity,
utility, and consumption. Summers and Zeckhauser (2008) argue that uncertainty in future damages can also work
in the other direction by increasing the benefits of waiting to learn the appropriate level of mitigation required.
*® Calculations done by Pizer et al. using the original simulation program from Newell and Pizer (2003).
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Iv. Revised SCC Estimates

Our general approach to estimating SCC values is to run the three integrated assessment models (FUND,
DICE, and PAGE) using the following inputs agreed upon by the interagency group:

e A Roe and Baker distribution for the climate sensitivity parameter bounded between 0 and 10
with a median of 3 °C and a cumulative probability between 2 and 4.5 °C of two-thirds.

e Five sets of GDP, population and carbon emissions trajectories based on EMF-22.

e Constant annual discount rates of 2.5, 3, and 5 percent.

Because the climate sensitivity parameter is modeled probabilistically, and because PAGE and FUND
incorporate uncertainty in other model parameters, the final output from each model run is a
distribution over the SCC in year t.

For each of the IAMS, the basic computational steps for calculating the SCC in a particular year t are:

1. Input the path of emissions, GDP, and population from the selected EMF-22 scenarios,
and the extrapolations based on these scenarios for post-2100 years.

2. Calculate the temperature effects and (consumption-equivalent) damages in each year
resulting from the baseline path of emissions.

a. In PAGE, the consumption-equivalent damages in each period are calculated as
a fraction of the EMF GDP forecast, depending on the temperature in that
period relative to the pre-industrial average temperature in each region.

b. In FUND, damages in each period depend on both the level and the rate of
temperature change in that period.

c. In DICE, temperature affects both consumption and investment, so we first
adjust the EMF GDP paths as follows: Using the Cobb-Douglas production
function with the DICE2007 parameters, we extract the path of exogenous
technical change implied by the EMF GDP and population paths, then we
recalculate the baseline GDP path taking into account climate damages resulting
from the baseline emissions path.

3. Add an additional unit of carbon emissions in year t. (The exact unit varies by model.)

4. Recalculate the temperature effects and damages expected in all years beyond t
resulting from this adjusted path of emissions, as in step 2.

5. Subtract the damages computed in step 2 from those in step 4 in each year. (DICE is
run in 10 year time steps, FUND in annual time steps, while the time steps in PAGE vary.)

6. Discount the resulting path of marginal damages back to the year of emissions using the
agreed upon fixed discount rates.
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7. Calculate the SCC as the net present value of the discounted path of damages computed

in step 6, divided by the unit of carbon emissions used to shock the models in step 3.

8. Multiply by 12/44 to convert from dollars per ton of carbon to dollars per ton of CO,
(2007 dollars) in DICE and FUND. (All calculations are done in tons of CO,in PAGE).

The steps above were repeated in each model for multiple future years to cover the time horizons
anticipated for upcoming rulemaking analysis. To maintain consistency across the three IAMs, climate
damages are calculated as lost consumption in each future year.

It is important to note that each of the three models has a different default end year. The default time
horizon is 2200 for PAGE, 2595 for DICE, and 3000 for the latest version of FUND. This is an issue for the
multi-model approach because differences in SCC estimates may arise simply due to the model time
horizon. Many consider 2200 too short a time horizon because it could miss a significant fraction of
damages under certain assumptions about the growth of marginal damages and discounting, so each
model is run here through 2300. This step required a small adjustment in the PAGE model only. This
step also required assumptions about GDP, population, and greenhouse gas emission trajectories after
2100, the last year for which these data are available from the EMF-22 models. (A more detailed
discussion of these assumptions is included in the Appendix.)

This exercise produces 45 separate distributions of the SCC for a given year, the product of 3 models, 3
discount rates, and 5 socioeconomic scenarios. This is clearly too many separate distributions for
consideration in a regulatory impact analysis.

To produce a range of plausible estimates that still reflects the uncertainty in the estimation exercise,
the distributions from each of the models and scenarios are equally weighed and combined to produce
three separate probability distributions for SCC in a given year, one for each assumed discount rate.
These distributions are then used to define a range of point estimates for the global SCC. In this way, no
integrated assessment model or socioeconomic scenario is given greater weight than another. Because
the literature shows that the SCC is quite sensitive to assumptions about the discount rate, and because
no consensus exists on the appropriate rate to use in an intergenerational context, we present SCCs
based on the average values across models and socioeconomic scenarios for each discount rate.

The interagency group selected four SCC values for use in regulatory analyses. Three values are based
on the average SCC across models and socio-economic and emissions scenarios at the 2.5, 3, and 5
percent discount rates. The fourth value is included to represent the higher-than-expected economic
impacts from climate change further out in the tails of the SCC distribution. For this purpose, we use the
SCC value for the 95" percentile at a 3 percent discount rate. (The full set of distributions by model and
scenario combination is included in the Appendix.) As noted above, the 3 percent discount rate is the
central value, and so the central value that emerges is the average SCC across models at the 3 percent
discount rate. For purposes of capturing the uncertainties involved in regulatory impact analysis, we
emphasize the importance and value of considering the full range.
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As previously discussed, low probability, high impact events are incorporated into the SCC values
through explicit consideration of their effects in two of the three models as well as the use of a
probability density function for equilibrium climate sensitivity. Treating climate sensitivity
probabilistically results in more high temperature outcomes, which in turn lead to higher projections of
damages. Although FUND does not include catastrophic damages (in contrast to the other two models),
its probabilistic treatment of the equilibrium climate sensitivity parameter will directly affect the non-
catastrophic damages that are a function of the rate of temperature change.

In Table 3, we begin by presenting SCC estimates for 2010 by model, scenario, and discount rate to
illustrate the variability in the SCC across each of these input parameters. As expected, higher discount
rates consistently result in lower SCC values, while lower discount rates result in higher SCC values for
each socioeconomic trajectory. It is also evident that there are differences in the SCC estimated across
the three main models. For these estimates, FUND produces the lowest estimates, while PAGE generally
produces the highest estimates.

Table 3: Disaggregated Social Cost of CO, Values by Model, Socio-Economic Trajectory, and Discount
Rate for 2010 (in 2007 dollars)

Discount rate: 5% 3% 2.5% 3%

Model Scenario Avg Avg Avg 95th
IMAGE 108 | 358 | 542 | 70.8

MERGE 7.5 22.0 316 42.1

O  Message 9.8 29.8 43.5 58.6
% Minicam 86 | 288 | 444 | 579
550 Average 8.2 24.9 374 50.8
IMAGE 8.3 39.5 65.5 142.4

MERGE 52 | 223 | 346 | 824
g:; Message 7.2 303 49.2 115.6
= MiniCAM 6.4 31.8 54.7 115.4
550 Average 5.5 254 42.9 104.7

IMAGE -1.3 8.2 19.3 39.7

MERGE 03 | 80 | 148 | 413

% Message 1.9 3.6 8.8 32.1
n MiniCAM -0.6 10.2 222 42.6
550 Average 27 | 02 | 30 | 194

These results are not surprising when compared to the estimates in the literature for the latest versions
of each model. For example, adjusting the values from the literature that were used to develop interim
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SCC values to 2007 dollars for the year 2010 (assuming, as we did for the interim process, that SCC
grows at 3 percent per year), FUND yields SCC estimates at or near zero for a 5 percent discount rate
and around $9 per ton for a 3 percent discount rate. There are far fewer estimates using the latest
versions of DICE and PAGE in the literature: Using similar adjustments to generate 2010 estimates, we
calculate a SCC from DICE (based on Nordhaus 2008) of around $9 per ton for a 5 percent discount rate,
and a SCC from PAGE (based on Hope 2006, 2008) close to $8 per ton for a 4 percent discount rate. Note
that these comparisons are only approximate since the literature generally relies on Ramsey
discounting, while we have assumed constant discount rates.”’

The SCC estimates from FUND are sensitive to differences in emissions paths but relatively insensitive to
differences in GDP paths across scenarios, while the reverse is true for DICE and PAGE. This likely occurs
because of several structural differences among the models. Specifically in DICE and PAGE, the fraction
of economic output lost due to climate damages increases with the level of temperature alone, whereas
in FUND the fractional loss also increases with the rate of temperature change. Furthermore, in FUND
increases in income over time decrease vulnerability to climate change (a form of adaptation), whereas
this does not occur in DICE and PAGE. These structural differences among the models make FUND more
sensitive to the path of emissions and less sensitive to GDP compared to DICE and PAGE.

Figure 3 shows that IMAGE has the highest GDP in 2100 while MERGE Optimistic has the lowest. The
ordering of global GDP levels in 2100 directly corresponds to the rank ordering of SCC for PAGE and
DICE. For FUND, the correspondence is less clear, a result that is to be expected given its less direct
relationship between its damage function and GDP.

Figure 3: Level of Global GDP across EMF Scenarios
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*’ Nordhaus (2008) runs DICE2007 with p = 1.5 and n = 2. The default approach in PAGE2002 (version 1.4epm)
treats p and n as random parameters, specified using a triangular distribution such that the min, mode, and max =
0.1, 1, and 2 for p, and 0.5, 1, and 2 for n, respectively. The FUND default value for n is 1, and Tol generates SCC
estimates for values of p = 0, 1, and 3 in many recent papers (e.g. Anthoff et al. 2009). The path of per-capita
consumption growth, g, varies over time but is treated deterministically in two of the three models. In DICE, g is
endogenous. Under Ramsey discounting, as economic growth slows in the future, the large damages from climate
change that occur far out in the future are discounted at a lower rate than impacts that occur in the nearer term.
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Table 4 shows the four selected SCC values in five year increments from 2010 to 2050. Values for 2010,
2020, 2040, and 2050 are calculated by first combining all outputs (10,000 estimates per model run)
from all scenarios and models for a given discount rate. Values for the years in between are calculated
using a simple linear interpolation.

Table 4: Social Cost of CO,, 2010 — 2050 (in 2007 dollars)

Discount Rate 5% 3% 2.5% 3%
Year Avg Avg Avg 95th
2010 4.7 . 214 351 i 649
2015 5.7 . 238 | 384 | 728
2020 6.8 . 263 | 417 | 807
2025 82 | 296 | 459 | 904
2030 9.7 . 328 | 500 | 1000
2035 112 | 360 | 542 |  109.7
2040 127 | 392 | 584 | 1193
2045 142 . 421 i 617 | 1278
2050 157 | 449 | 650 | 1362

The SCC increases over time because future emissions are expected to produce larger incremental
damages as physical and economic systems become more stressed in response to greater climatic
change. Note that this approach allows us to estimate the growth rate of the SCC directly using DICE,
PAGE, and FUND rather than assuming a constant annual growth rate as was done for the interim
estimates (using 3 percent). This helps to ensure that the estimates are internally consistent with other
modeling assumptions. Table 5 illustrates how the growth rate for these four SCC estimates varies over
time. The full set of annual SCC estimates between 2010 and 2050 is reported in the Appendix.

Table 5: Changes in the Average Annual Growth Rates of SCC Estimates between 2010 and 2050

Average Annual Growth 5% 3% 2.5% 3.0%
Rate (%) Avg Avg Avg 95th
2010-2020 3.6% 2.1% 1.7% 2.2%
2020-2030 3.7% 2.2% 1.8% 2.2%
2030-2040 2.7% 1.8% 1.6% 1.8%
2040-2050 2.1% 1.4% 1.1% 1.3%

While the SCC estimate grows over time, the future monetized value of emissions reductions in each
year (the SCC in year t multiplied by the change in emissions in year t) must be discounted to the
present to determine its total net present value for use in regulatory analysis. Damages from future
emissions should be discounted at the same rate as that used to calculate the SCC estimates themselves
to ensure internal consistency—i.e., future damages from climate change, whether they result from
emissions today or emissions in a later year, should be discounted using the same rate. For example,
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climate damages in the year 2020 that are calculated using a SCC based on a 5 percent discount rate also
should be discounted back to the analysis year using a 5 percent discount rate.”®

V. Limitations of the Analysis

As noted, any estimate of the SCC must be taken as provisional and subject to further refinement (and
possibly significant change) in accordance with evolving scientific, economic, and ethical
understandings. During the course of our modeling, it became apparent that there are several areas in
particular need of additional exploration and research. These caveats, and additional observations in
the following section, are necessary to consider when interpreting and applying the SCC estimates.

Incomplete treatment of non-catastrophic damages. The impacts of climate change are expected to be
widespread, diverse, and heterogeneous. In addition, the exact magnitude of these impacts is uncertain
because of the inherent complexity of climate processes, the economic behavior of current and future
populations, and our inability to accurately forecast technological change and adaptation. Current IAMs
do not assign value to all of the important physical, ecological, and economic impacts of climate change
recognized in the climate change literature (some of which are discussed above) because of lack of
precise information on the nature of damages and because the science incorporated into these models
understandably lags behind the most recent research. Our ability to quantify and monetize impacts will
undoubtedly improve with time. But it is also likely that even in future applications, a number of
potentially significant damage categories will remain non-monetized. (Ocean acidification is one
example of a potentially large damage from CO, emissions not quantified by any of the three models.
Species and wildlife loss is another example that is exceedingly difficult to monetize.)

Incomplete treatment of potential catastrophic damages. There has been considerable recent discussion
of the risk of catastrophic impacts and how best to account for extreme scenarios, such as the collapse
of the Atlantic Meridional Overturning Circulation or the West Antarctic Ice Sheet, or large releases of
methane from melting permafrost and warming oceans. Weitzman (2009) suggests that catastrophic
damages are extremely large—so large, in fact, that the damages from a low probability, catastrophic
event far in the future dominate the effect of the discount rate in a present value calculation and result
in an infinite willingness-to-pay for mitigation today. However, Nordhaus (2009) concluded that the
conditions under which Weitzman's results hold “are limited and do not apply to a wide range of
potential uncertain scenarios."

Using a simplified IAM, Newbold and Daigneault (2009) confirmed the potential for large catastrophe
risk premiums but also showed that the aggregate benefit estimates can be highly sensitive to the
shapes of both the climate sensitivity distribution and the damage function at high temperature
changes. Pindyck (2009) also used a simplified IAM to examine high-impact low-probability risks, using a
right-skewed gamma distribution for climate sensitivity as well as an uncertain damage coefficient, but
in most cases found only a modest risk premium. Given this difference in opinion, further research in
this area is needed before its practical significance can be fully understood and a reasonable approach
developed to account for such risks in regulatory analysis. (The next section discusses the scientific
evidence on catastrophic impacts in greater detail.)

2 However, it is possible that other benefits or costs of proposed regulations unrelated to CO, emissions will be
discounted at rates that differ from those used to develop the SCC estimates.
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Uncertainty in extrapolation of damages to high temperatures: The damage functions in these IAMs are
typically calibrated by estimating damages at moderate temperature increases (e.g., DICE was calibrated
at 2.5 °C) and extrapolated to far higher temperatures by assuming that damages increase as some
power of the temperature change. Hence, estimated damages are far more uncertain under more
extreme climate change scenarios.

Incomplete treatment of adaptation and technological change: Each of the three integrated assessment
models used here assumes a certain degree of low- or no-cost adaptation. For instance, Tol assumes a
great deal of adaptation in FUND, including widespread reliance on air conditioning ; so much so, that
the largest single benefit category in FUND is the reduced electricity costs from not having to run air
conditioning as intensively (NRC 2009).

Climate change also will increase returns on investment to develop technologies that allow individuals
to cope with adverse climate conditions, and IAMs to do not adequately account for this directed
technological change.” For example, scientists may develop crops that are better able to withstand
higher and more variable temperatures. Although DICE and FUND have both calibrated their agricultural
sectors under the assumption that farmers will change land use practices in response to climate change
(Mastrandrea, 2009), they do not take into account technological changes that lower the cost of this
adaptation over time. On the other hand, the calibrations do not account for increases in climate
variability, pests, or diseases, which could make adaptation more difficult than assumed by the IAMs for
a given temperature change. Hence, models do not adequately account for potential adaptation or
technical change that might alter the emissions pathway and resulting damages. In this respect, it is
difficult to determine whether the incomplete treatment of adaptation and technological change in
these IAMs under or overstate the likely damages.

Risk aversion: A key question unanswered during this interagency process is what to assume about
relative risk aversion with regard to high-impact outcomes. These calculations do not take into account
the possibility that individuals may have a higher willingness to pay to reduce the likelihood of low-
probability, high-impact damages than they do to reduce the likelihood of higher-probability but lower-
impact damages with the same expected cost. (The inclusion of the 95" percentile estimate in the final
set of SCC values was largely motivated by this concern.) If individuals do show such a higher willingness
to pay, a further question is whether that fact should be taken into account for regulatory policy. Even if
individuals are not risk-averse for such scenarios, it is possible that regulatory policy should include a
degree of risk-aversion.

Assuming a risk-neutral representative agent is consistent with OMB’s Circular A-4, which advises that
the estimates of benefits and costs used in regulatory analysis are usually based on the average or
the expected value and that “emphasis on these expected values is appropriate as long as society is
‘risk neutral’ with respect to the regulatory alternatives. While this may not always be the case,
[analysts] should in general assume ‘risk neutrality’ in [their] analysis.”

Nordhaus (2008) points to the need to explore the relationship between risk and income in the context
of climate change across models and to explore the role of uncertainty regarding various parameters in

> However these research dollars will be diverted from whatever their next best use would have been in the
absence of climate change (so productivity/GDP would have been still higher).
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the results. Using FUND, Anthoff et al (2009) explored the sensitivity of the SCC to Ramsey equation
parameter assumptions based on observed behavior. They conclude that “the assumed rate of risk
aversion is at least as important as the assumed rate of time preference in determining the social cost of
carbon.” Since Circular A-4 allows for a different assumption on risk preference in regulatory analysis if it
is adequately justified, we plan to continue investigating this issue.

V. A Further Discussion of Catastrophic Impacts and Damage Functions

As noted above, the damage functions underlying the three IAMs used to estimate the SCC may not
capture the economic effects of all possible adverse consequences of climate change and may therefore
lead to underestimates of the SCC (Mastrandrea 2009). In particular, the models’ functional forms may
not adequately capture: (1) potentially discontinuous “tipping point” behavior in Earth systems, (2)
inter-sectoral and inter-regional interactions, including global security impacts of high-end warming, and
(3) limited near-term substitutability between damage to natural systems and increased consumption.

It is the hope of the interagency group that over time researchers and modelers will work to fill these
gaps and that the SCC estimates used for regulatory analysis by the Federal government will continue to
evolve with improvements in modeling. In the meantime, we discuss some of the available evidence.

Extrapolation of climate damages to high levels of warming

The damage functions in the models are calibrated at moderate levels of warming and should therefore
be viewed cautiously when extrapolated to the high temperatures found in the upper end of the
distribution. Recent science suggests that there are a number of potential climatic “tipping points” at
which the Earth system may exhibit discontinuous behavior with potentially severe social and economic
consequences (e.g., Lenton et al, 2008, Kriegler et al., 2009). These tipping points include the disruption
of the Indian Summer Monsoon, dieback of the Amazon Rainforest and boreal forests, collapse of the
Greenland Ice Sheet and the West Antarctic Ice Sheet, reorganization of the Atlantic Meridional
Overturning Circulation, strengthening of El Nifio-Southern Oscillation, and the release of methane from
melting permafrost. Many of these tipping points are estimated to have thresholds between about 3 °C
and 5 °C (Lenton et al., 2008). Probabilities of several of these tipping points were assessed through
expert elicitation in 2005—-2006 by Kriegler et al. (2009); results from this study are highlighted in Table
6. Ranges of probability are averaged across core experts on each topic.

As previously mentioned, FUND does not include potentially catastrophic effects. DICE assumes a small
probability of catastrophic damages that increases with increased warming, but the damages from these
risks are incorporated as expected values (i.e., ignoring potential risk aversion). PAGE models
catastrophic impacts in a probabilistic framework (see Figure 1), so the high-end output from PAGE
potentially offers the best insight into the SCC if the world were to experience catastrophic climate
change. For instance, at the 95" percentile and a 3 percent discount rate, the SCC estimated by PAGE
across the five socio-economic and emission trajectories of $113 per ton of CO, is almost double the
value estimated by DICE, $58 per ton in 2010. We cannot evaluate how well the three models account
for catastrophic or non-catastrophic impacts, but this estimate highlights the sensitivity of SCC values in
the tails of the distribution to the assumptions made about catastrophic impacts.
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Table 6: Probabilities of Various Tipping Points from Expert Elicitation -

Duration Additional Warming by 2100
Possible Tipping Points before effect
is fully realized | 0.5-1.5C | 1.5-3.0C 35C

(in years)
Reorganization of Atlantic Meridional Overturning Circulation | about 100 0-18% 6-39% 18-67%
Greenland Ice Sheet collapse at least 300 8-39% 33-73% 67-96%
West Antarctic Ice Sheet collapse at least 300 5-41% 10-63% 33-88%
Dieback of Amazon rainforest about 50 2-46% 14-84% 41-94%
Strengthening of El Nifio-Southern Oscillation about 100 1-13% 6-32% 19-49%
Dieback of boreal forests about 50 13-43% 20-81% 34-91%
Shift in Indian Summer Monsoon about 1 Not formally assessed
Release of methane from melting permafrost Less than 100 Not formally assessed.

PAGE treats the possibility of a catastrophic event probabilistically, while DICE treats it deterministically
(that is, by adding the expected value of the damage from a catastrophe to the aggregate damage
function). In part, this results in different probabilities being assigned to a catastrophic event across the
two models. For instance, PAGE places a probability near zero on a catastrophe at 2.5 °C warming, while
DICE assumes a 4 percent probability of a catastrophe at 2.5 °C. By comparison, Kriegler et al. (2009)
estimate a probability of at least 16-36 percent of crossing at least one of their primary climatic tipping
points in a scenario with temperatures about 2-4 °C warmer than pre-Industrial levels in 2100.

It is important to note that crossing a climatic tipping point will not necessarily lead to an economic
catastrophe in the sense used in the IAMs. A tipping point is a critical threshold across which some
aspect of the Earth system starts to shifts into a qualitatively different state (for instance, one with
dramatically reduced ice sheet volumes and higher sea levels). In the IAMs, a catastrophe is a low-
probability environmental change with high economic impact.

Failure to incorporate inter-sectoral and inter-regional interactions

The damage functions do not fully incorporate either inter-sectoral or inter-regional interactions. For
instance, while damages to the agricultural sector are incorporated, the effects of changes in food
supply on human health are not fully captured and depend on the modeler’s choice of studies used to
calibrate the IAM. Likewise, the effects of climate damages in one region of the world on another region
are not included in some of the models (FUND includes the effects of migration from sea level rise).
These inter-regional interactions, though difficult to quantify, are the basis for climate-induced national
and economic security concerns (e.g., Campbell et al., 2007; U.S. Department of Defense 2010) and are
particularly worrisome at higher levels of warming. High-end warming scenarios, for instance, project
water scarcity affecting 4.3-6.9 billion people by 2050, food scarcity affecting about 120 million
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additional people by 2080, and the creation of millions of climate refugees (Easterling et al., 2007;
Campbell et al., 2007).

Imperfect substitutability of environmental amenities

Data from the geological record of past climate changes suggests that 6 °C of warming may have severe
consequences for natural systems. For instance, during the Paleocene-Eocene Thermal Maximum about
55.5 million years ago, when the Earth experienced a geologically rapid release of carbon associated
with an approximately 5 °C increase in global mean temperatures, the effects included shifts of about
400-900 miles in the range of plants (Wing et al., 2005), and dwarfing of both land mammals (Gingerich,
2006) and soil fauna (Smith et al., 2009).

The three IAMs used here assume that it is possible to compensate for the economic consequences of
damages to natural systems through increased consumption of non-climate goods, a common
assumption in many economic models. In the context of climate change, however, it is possible that the
damages to natural systems could become so great that no increase in consumption of non-climate
goods would provide complete compensation (Levy et al., 2005). For instance, as water supplies
become scarcer or ecosystems become more fragile and less bio-diverse, the services they provide may
become increasingly more costly to replace. Uncalibrated attempts to incorporate the imperfect
substitutability of such amenities into IAMs (Sterner and Persson, 2008) indicate that the optimal degree
of emissions abatement can be considerably greater than is commonly recognized.

VI. Conclusion

The interagency group selected four SCC estimates for use in regulatory analyses. For 2010, these
estimates are $5, $21, $35, and $65 (in 2007 dollars). The first three estimates are based on the average
SCC across models and socio-economic and emissions scenarios at the 5, 3, and 2.5 percent discount
rates, respectively. The fourth value is included to represent the higher-than-expected impacts from
temperature change further out in the tails of the SCC distribution. For this purpose, we use the SCC
value for the 95" percentile at a 3 percent discount rate. The central value is the average SCC across
models at the 3 percent discount rate. For purposes of capturing the uncertainties involved in
regulatory impact analysis, we emphasize the importance and value of considering the full range. These
SCC estimates also grow over time. For instance, the central value increases to $24 per ton of CO, in
2015 and $26 per ton of CO, in 2020.

We noted a number of limitations to this analysis, including the incomplete way in which the integrated
assessment models capture catastrophic and non-catastrophic impacts, their incomplete treatment of
adaptation and technological change, uncertainty in the extrapolation of damages to high temperatures,
and assumptions regarding risk aversion. The limited amount of research linking climate impacts to
economic damages makes this modeling exercise even more difficult. It is the hope of the interagency
group that over time researchers and modelers will work to fill these gaps and that the SCC estimates
used for regulatory analysis by the Federal government will continue to evolve with improvements in
modeling.
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Table Al: Annual SCC Values: 2010-2050 (in 2007 dollars)

Discount Rate 5% 3% 2.5% 3%
Year Avg Avg Avg 95th
2010 4.7 ] 21.4 ] 35.1 ] 64.9
2011 4.9 . 219 1 357 i 665
2012 5.1 ! 22.4 ! 36.4 ! 68.1
2013 5.3 . 28 . 370 | 696
2014 5.5 L2330 377 712
2015 5.7 . 238 | 384 | 728
2016 5.9 ! 24.3 ! 39.0 ! 74.4
2017 6.1 L 248 1 397 i 760
2018 6.3 . 253 | 404 | 775
2019 6.5 . 258 1 410 | 791
2020 6.8 ! 26.3 ! 41.7 ! 80.7
2021 7.1 L 270 | 45 i 826
2022 7.4 L 276 | 434 | 846
2023 7.7 . 283 | 442 | 85
2024 7.9 ! 28.9 ! 45.0 ! 88.4
2025 8.2 . 206 | 459 i 904
2026 8.5 L 302 | 467 i 923
2027 8.8 . 309 | 475 | 942
2028 9.1 ! 31.5 ! 48.4 ! 96.2
2029 9.4 L 321 0 492 i 981
2030 9.7 ; 32.8 ; 50.0 . 100.0
2031 100 | 334 | 509 | 1020
2032 10.3 ! 34.1 ! 51.7 ! 103.9
2033 106 | 347 i 525 | 1058
2034 10.9 ; 35.4 ; 53.4 . 1078
2035 112 | 360 | 542 | 1097
2036 11.5 ! 36.7 ! 55.0 ! 111.6
2037 118 | 373 | 559 | 1136
2038 121 | 379 | 567 | 1155
2039 124 | 386 | 575 | 1174
2040 12.7 ! 39.2 ! 58.4 ! 119.3
2041 130 | 398 | 590 | 1210
2042 133 | 404 | 597 | 1227
2043 136 | 409 | 604 | 1244
2044 13.9 ! 41.5 ! 61.0 ! 126.1
2045 142 1 41 . eL7 | 1278
2046 145 | 426 | 624 | 1294
2047 148 | 432 i 630 | 1311
2048 15.1 ! 43.8 ! 63.7 ! 132.8
2049 15.4 44.4 64.4 134.5
2050 15.7 449 65.0 136.2
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This Appendix also provides additional technical information about the non-CO, emission projections
used in the modeling and the method for extrapolating emissions forecasts through 2300, and shows
the full distribution of 2010 SCC estimates by model and scenario combination.

1. Other (non-C0O,) gases

In addition to fossil and industrial CO, emissions, each EMF scenario provides projections of methane
(CH,4), nitrous oxide (N,O), fluorinated gases, and net land use CO, emissions to 2100. These
assumptions are used in all three IAMs while retaining each model’s default radiative forcings (RF) due
to other factors (e.g., aerosols and other gases). Specifically, to obtain the RF associated with the non-
CO, EMF emissions only, we calculated the RF associated with the EMF atmospheric CO, concentrations
and subtracted them from the EMF total RF.>° This approach respects the EMF scenarios as much as
possible and at the same time takes account of those components not included in the EMF projections.
Since each model treats non-CO, gases differently (e.g., DICE lumps all other gases into one composite
exogenous input), this approach was applied slightly differently in each of the models.

FUND: Rather than relying on RF for these gases, the actual emissions from each scenario were used in
FUND. The model default trajectories for CH,, N,0, SFs, and the CO, emissions from land were replaced
with the EMF values.

PAGE: PAGE models CO,, CH,, sulfur hexafluoride (SFg), and aerosols and contains an "excess forcing"
vector that includes the RF for everything else. To include the EMF values, we removed the default CH,
and SF¢ factors®, decomposed the excess forcing vector, and constructed a new excess forcing vector
that includes the EMF RF for CH4, N,0, and fluorinated gases, as well as the model default values for
aerosols and other factors. Net land use CO, emissions were added to the fossil and industrial CO,
emissions pathway.

DICE: DICE presents the greatest challenge because all forcing due to factors other than industrial CO,
emissions is embedded in an exogenous non-CO, RF vector. To decompose this exogenous forcing path
into EMF non-CO, gases and other gases, we relied on the references in DICE2007 to the
Intergovernmental Panel on Climate Change’s (IPCC) Fourth Assessment Report (AR4) and the discussion
of aerosol forecasts in the IPCC’s Third Assessment Report (TAR) and in AR4, as explained below. In
DICE2007, Nordhaus assumes that exogenous forcing from all non-CO, sources is -0.06 W/m? in 2005, as
reported in AR4, and increases linearly to 0.3 W/m? in 2105, based on GISS projections, and then stays
constant after that time.

%0 Note EMF did not provide CO, concentrations for the IMAGE reference scenario. Thus, for this scenario, we fed
the fossil, industrial and land CO, emissions into MAGICC (considered a "neutral arbiter" model, which is tuned to
emulate the major global climate models) and the resulting CO, concentrations were used. Note also that MERGE
assumes a neutral biosphere so net land CO, emissions are set to zero for all years for the MERGE Optimistic
reference scenario, and for the MERGE component of the average 550 scenario (i.e., we add up the land use
emissions from the other three models and divide by 4).
* Both the model default CH, emissions and the initial atmospheric CH, is set to zero to avoid double counting the
effect of past CH, emissions.
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According to AR4, the RF in 2005 from CH,4, N,0, and halocarbons (approximately similar to the F-gases
in the EMF-22 scenarios) was 0.48 + 0.16 + 0.34 = 0.98 W/m? and RF from total aerosols was -1.2 W/m®.
Thus, the -.06 W/m? non-CO, forcing in DICE can be decomposed into: 0.98 W/m? due to the EMF non-
CO, gases, -1.2 W/m? due to aerosols, and the remainder, 0.16 W/m?, due to other residual forcing.

For subsequent years, we calculated the DICE default RF from aerosols and other non-CO, gases based
on the following two assumptions:

(1) RF from aerosols declines linearly from 2005 to 2100 at the rate projected by the TAR and then
stays constant thereafter, and

(2) With respect to RF from non-CO, gases not included in the EMF-22 scenarios, the share of non-
aerosol RF matches the share implicit in the AR4 summary statistics cited above and remains
constant over time.

Assumption (1) means that the RF from aerosols in 2100 equals 66 percent of that in 2000, which is the
fraction of the TAR projection of total RF from aerosols (including sulfates, black carbon, and organic
carbon) in 2100 vs. 2000 under the A1B SRES emissions scenario. Since the SRES marker scenarios were
not updated for the AR4, the TAR provides the most recent IPCC projection of aerosol forcing. We rely
on the A1B projection from the TAR because it provides one of the lower aerosol forecasts among the
SRES marker scenarios and is more consistent with the AR4 discussion of the post-SRES literature on
aerosols:

Aerosols have a net cooling effect and the representation of aerosol and aerosol precursor emissions,
including sulphur dioxide, black carbon and organic carbon, has improved in the post-SRES scenarios.
Generally, these emissions are projected to be lower than reported in SRES. {WGlII 3.2, TS.3, SPM}.*

Assuming a simple linear decline in aerosols from 2000 to 2100 also is more consistent with the recent
literature on these emissions. For example, Figure Al shows that the sulfur dioxide emissions peak over
the short-term of some SRES scenarios above the upper bound estimates of the more recent scenarios.>
Recent scenarios project sulfur emissions to peak earlier and at lower levels compared to the SRES in
part because of new information about present and planned sulfur legislation in some developing
countries, such as India and China.>* The lower bound projections of the recent literature have also

shifted downward slightly compared to the SRES scenario (IPCC 2007).

32 AR4 Synthesis Report, p. 44, http://www.ipcc.ch/pdf/assessment-report/ard/syr/ar4d syr.pdf

3 See Smith, S.J., R. Andres, E. Conception, and J. Lurz, 2004: Historical sulfur dioxide emissions, 1850-2000:
methods and results. Joint Global Research Institute, College Park, 14 pp.

* See Carmichael, G., D. Streets, G. Calori, M. Amann, M. Jacobson, J. Hansen, and H. Ueda, 2002: Changing trends
in sulphur emissions in Asia: implications for acid deposition, air pollution, and climate. Environmental Science and
Technology, 36(22):4707- 4713; Streets, D., K. Jiang, X. Hu, J. Sinton, X.-Q. Zhang, D. Xu, M. Jacobson, and J.
Hansen, 2001: Recent reductions in China’s greenhouse gas emissions. Science, 294(5548): 1835-1837.
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With these assumptions, the DICE aerosol forcing changes from -1.2 in 2005 to -0.792 in 2105 W/m?;
forcing due to other non-CO, gases not included in the EMF scenarios declines from 0.160 to 0.153
W/m?
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Figure Al: Sulphur Dioxide Emission Scenarios -
MtS
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Notes: Thick colored lines depict the four SRES marker scenarios and black dashed lines show the median,
5" and 95™ percentile of the frequency distribution for the full ensemble of 40 SRES scenarios. The blue
area (and the thin dashed lines in blue) illustrates individual scenarios and the range of Smith et al. (2004).
Dotted lines indicate the minimum and maximum of SO, emissions scenarios developed pre-SRES.

Source: IPCC (2007), AR4 WGIII 3.2, http://www.ipcc.ch/publications and data/ar4/wg3/en/ch3-ens3-2-

2-4.html.

Although other approaches to decomposing the DICE exogenous forcing vector are possible, initial
sensitivity analysis suggests that the differences among reasonable alternative approaches are likely to
be minor. For example, adjusting the TAR aerosol projection above to assume that aerosols will be
maintained at 2000 levels through 2100 reduces average SCC values (for 2010) by approximately 3
percent (or less than $2); assuming all aerosols are phased out by 2100 increases average 2010 SCC
values by 6-7 percent (or $0.50-$3)-depending on the discount rate. These differences increase slightly
for SCC values in later years but are still well within 10 percent of each other as far out as 2050.

Finally, as in PAGE, the EMF net land use CO, emissions are added to the fossil and industrial CO,
emissions pathway.

2. - Extrapolating Emissions Projections to 2300

To run each model through 2300 requires assumptions about GDP, population, greenhouse gas
emissions, and radiative forcing trajectories after 2100, the last year for which these projections are
available from the EMF-22 models. These inputs were extrapolated from 2100 to 2300 as follows:

1. Population growth rate declines linearly, reaching zero in the year 2200.
2. GDP/ per capita growth rate declines linearly, reaching zero in the year 2300.
3. The decline in the fossil and industrial carbon intensity (CO,/GDP) growth rate over 2090-2100 is
maintained from 2100 through 2300.
4. Net land use CO, emissions decline linearly, reaching zero in the year 2200.
5. Non-CO, radiative forcing remains constant after 2100.
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Long run stabilization of GDP per capita was viewed as a more realistic simplifying assumption than a
linear or exponential extrapolation of the pre-2100 economic growth rate of each EMF scenario. This is
based on the idea that increasing scarcity of natural resources and the degradation of environmental
sinks available for assimilating pollution from economic production activities may eventually overtake
the rate of technological progress. Thus, the overall rate of economic growth may slow over the very
long run. The interagency group also considered allowing an exponential decline in the growth rate of
GDP per capita. However, since this would require an additional assumption about how close to zero
the growth rate would get by 2300, the group opted for the simpler and more transparent linear
extrapolation to zero by 2300.

The population growth rate is also assumed to decline linearly, reaching zero by 2200. This assumption
is reasonably consistent with the United Nations long run population forecast, which estimates global
population to be fairly stable after 2150 in the medium scenario (UN 2004).*® The resulting range of
EMF population trajectories (Figure A2) also encompass the UN medium scenario forecasts through
2300 — global population of 8.5 billion by 2200, and 9 billion by 2300.

Maintaining the decline in the 2090-2100 carbon intensity growth rate (i.e., CO, per dollar of GDP)
through 2300 assumes that technological improvements and innovations in the areas of energy
efficiency and other carbon reducing technologies (possibly including currently unavailable methods)
will continue to proceed at roughly the same pace that is projected to occur towards the end of the
forecast period for each EMF scenario. This assumption implies that total cumulative emissions in 2300
will be between 5,000 and 12,000 GtC, which is within the range of the total potential global carbon
stock estimated in the literature.

Net land use CO, emissions are expected to stabilize in the long run, so in the absence of any post 2100
projections, the group assumed a linear decline to zero by 2200. Given no a priori reasons for assuming
a long run increase or decline in non-CO, radiative forcing, it is assumed to remain at the 2100 levels for
each EMF scenario through 2300.

Figures A2-A7 show the paths of global population, GDP, fossil and industrial CO, emissions, net land
CO, emissions, non-CO, radiative forcing, and CO, intensity (fossil and industrial CO, emissions/GDP)
resulting from these assumptions.

** United Nations. 2004. World Population to 2300.
http://www.un.org/esa/population/publications/longrange2/worldpop2300final.pdf
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Figure A2. Global Population, 2000-2300 (Post-2100 extrapolations assume the population growth -
rate changes linearly to reach a zero growth rate by 2200.) -
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Note: In the fifth scenario, 2000-2100 population is equal to the average of the population under the 550 ppm

CO,e, full-participation, not-to-exceed scenarios considered by each of the four models.

Figure A3. World GDP, 2000-2300 (Post-2100 extrapolations assume GDP per capita growth declines

linearly, reaching zero in the year 2300)
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Note: In the fifth scenario, 2000-2100 GDP is equal to the average of the GDP under the 550 ppm CO.e, full-

participation, not-to-exceed scenarios considered by each of the four models.
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Figure A4. Global Fossil and Industrial CO, Emissions, 2000-2300 (Post-2100 extrapolations assume
growth rate of CO, intensity (CO,/GDP) over 2090-2100 is maintained through 2300.)
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Note: In the fifth scenario, 2000-2100 emissions are equal to the average of the emissions under the 550 ppm

CO2e, full-participation, not-to-exceed scenarios considered by each of the four models.

Figure A5. Global Net Land Use CO, Emissions, 2000-2300 (Post-2100 extrapolations assume emissions

decline linearly, reaching zero in the year 2200)*
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Note: In the fifth scenario, 2000-2100 emissions are equal to the average of the emissions under the 550 ppm

CO2e, full-participation, not-to-exceed scenarios considered by each of the four models.

** MERGE assumes a neutral biosphere so net land CO, emissions are set to zero for all years for the MERGE
Optimistic reference scenario, and for the MERGE component of the average 550 scenario (i.e., we add up the land
use emissions from the other three models and divide by 4).
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Figure A6. Global Non-CO, Radiative Forcing, 2000-2300 (Post-2100 extrapolations assume constant

non-CO, radiative forcing after 2100.)
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Note: In the fifth scenario, 2000-2100 emissions are equal to the average of the emissions under the 550 ppm

CO2e, full-participation, not-to-exceed scenarios considered by each of the four models.

Figure A7. Global CO, Intensity (fossil & industrial CO, emissions/GDP), 2000-2300 (Post-2100
extrapolations assume decline in CO,/GDP growth rate over 2090-2100 is maintained through 2300.)
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Note: In the fifth scenario, 2000-2100 emissions are equal to the average of the emissions under the 550 ppm

CO,e, full-participation, not-to-exceed scenarios considered by each of the four models.
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Table A2. 2010 Global SCC Estimates at 2.5 Percent Discount Rate (2007$/ton CO,)

Percentile i 1st 5th 10th 25th 50th Avg 75th 90th 95th 99th
Scenario PAGE

IMAGE ' 3.3 5.9 8.1 13.9 28.8 65.5 68.2 1479 239.6 563.8
MERGE optimistic 1.9 3.2 4.3 7.2 14.6 34.6 36.2 79.8 124.8  288.3
Message v 2.4 4.3 5.8 9.8 20.3 49.2 50.7 114.9 181.7 428.4
MiniCAM base L 2.7 4.6 6.4 11.2 22.8 54.7 55.7 120.5 195.3 482.3
5th scenario 2.0 3.5 4.7 8.1 16.3 42.9 41.5 103.9 1763 3719
Scenario DICE

IMAGE 1164 214 25 333 46.8 54.2 69.7 96.3 111.1  130.0
MERGE optimistic 1 9.7 126 14.9 19.7 27.9 31.6 40.7 54.5 63.5 73.3
Message | 135 17.2 20.1 27 38.5 43.5 55.1 75.8 87.9 103.0
MiniCAM base 13.1  16.7 19.8 26.7 38.6 44.4 56.8 79.5 92.8 109.3
5th scenario 1 10.8 14 16.7 22.2 32 37.4 47.7 67.8 80.2 96.8
Scenario FUND

IMAGE 1 -33.1 -189 -13.3 -5.5 4.1 19.3 18.7 43.5 67.1 150.7
MERGE optimistic -33.1 -14.8 -10 -3 5.9 14.8 204 43.9 65.4 132.9
Message 1 -32.5 -19.8 -14.6 -7.2 1.5 8.8 13.8 33.7 52.3 119.2
MiniCAM base 1 -31.0 -159 -10.7 -3.4 6 22.2 21 46.4 70.4 152.9
5th scenario -32.2 -216 -16.7 -9.7 -2.3 3 6.7 20.5 34.2 96.8

Table A3. 2010 Gliobai SCC Estimates at 3 Percent Discount Rate (2007$/ton CO,)

Percentile v 1st 5th 10th 25th 50th Avg 75th 90th 95th 99th
Scenario PAGE

IMAGE 1 2.0 3.5 4.8 8.1 16.5 39.5 41.6 90.3 142.4 3274
MERGE optimistic 1.2 21 2.8 4.6 9.3 22.3 22.8 51.3 82.4 190.0
Message 1 1.6 2.7 3.6 6.2 12.5 30.3 31 71.4 115.6  263.0
MiniCAM base P17 2.8 3.8 6.5 13.2 31.8 324 72.6 115.4  287.0
5th scenario 1.3 2.3 3.1 5 9.6 25.4 23.6 62.1 104.7 2225
Scenario E DICE

IMAGE 11.0 145 17.2 22.8 31.6 35.8 45.4 61.9 70.8 82.1
MERGE optimistic p7.4 9.2 10.8 14.3 19.9 22 27.9 36.9 42.1 48.8
Message 1 9.7 12.5 14.7 19 26.6 29.8 37.8 51.1 58.6 67.4
MiniCAM base 8.8 115 13.6 18 25.2 28.8 36.9 50.4 57.9 67.8
5th scenario 1 7.9 101 11.8 15.6 21.6 24.9 31.8 43.7 50.8 60.6
Scenario FUND

IMAGE 1252 -15.3  -11.2 -5.6 0.9 8.2 10.4 25.4 39.7 90.3
MERGE optimistic 1240 -12.4 -8.7 -3.6 2.6 8 12.2 27 41.3 85.3
Message -253 -16.2 -12.2 -6.8 -0.5 3.6 7.7 20.1 32.1 72.5
MiniCAM base 1 -23.1 -12.9 -9.3 -4 24 10.2 12.2 27.7 42.6 93.0
5th scenario 1241 -16.6 -13.2 -8.3 -3 -0.2 2.9 11.2 19.4 53.6
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Table A4. 2010 Global SCC Estimates at 5 Percent Discount Rate (2007$/ton CO,)

Percentile . 1st  5th 10th 25th 50th Avg 75th 90th 95th 99th
Scenario PAGE

IMAGE ! 0.5 0.8 11 1.8 3.5 8.3 8.5 19.5 314 67.2
MERGE optimistic 0.3 0.5 0.7 1.2 23 5.2 54 12.3 19.5 42.4
Message © 0.4 0.7 0.9 1.6 3 7.2 7.2 17 28.2 60.8
MiniCAM base 1 0.3 0.6 0.8 1.4 2.7 6.4 6.6 15.9 24.9 52.6
5th scenario 0.3 0.6 0.8 1.3 2.3 5.5 5 12.9 22 48.7
Scenario DICE

IMAGE r4.2 5.4 6.2 7.6 10 10.8 134 16.8 18.7 21.1
MERGE optimistic 1 2.9 3.7 4.2 5.3 7 7.5 9.3 11.7 12.9 14.4
Message | 3.9 4.9 5.5 7 9.2 9.8 12.2 15.4 17.1 18.8
MiniCAM base 34 4.2 4.7 6 7.9 8.6 10.7 135 15.1 16.9
5th scenario 3.2 4 4.6 5.7 7.6 8.2 10.2 12.8 14.3 16.0
Scenario FUND

IMAGE 1 -11.7 -84 -6.9 -4.6 -2.2 -1.3 0.7 4.1 7.4 17.4
MERGE optimistic -10.6 -7.1 -5.6 -3.6 -1.3 -0.3 1.6 54 9.1 19.0
Message 1 =122 -8.9 -7.3 -4.9 -2.5 -1.9 0.3 35 6.5 15.6
MiniCAM base 1 -10.4 7.2 -5.8 -3.8 -1.5 -0.6 1.3 4.8 8.2 18.0
5th scenario -109 -8.3 -7 -5 -2.9 -2.7 -0.8 1.4 3.2 9.2

Figure A8. Histogram of Global SCC Estimates in 2010 (2007$/ton CO,), by discount rate
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approximately the 1% and 99" percentiles to better show the data.
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Technical Support Document: -
Technical Update of the Social Cost of Carbon for Regulatory Impact Analysis -
Under Executive Order 12866 -

Interagency Working Group on Social Cost of Carbon, United States Government

With participation by

Council of Economic Advisers
Council on Environmental Quality
Department of Agriculture
Department of Commerce
Department of Energy
Department of Transportation
Environmental Protection Agency
National Economic Council
Office of Management and Budget
Office of Science and Technology Policy
Department of the Treasury

May 2013
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Executive Summary

Under Executive Order 12866, agencies are required, to the extent permitted by law, “to assess both
the costs and the benefits of the intended regulation and, recognizing that some costs and benefits are
difficult to quantify, propose or adopt a regulation only upon a reasoned determination that the
benefits of the intended regulation justify its costs.” The purpose of the “social cost of carbon” (SCC)
estimates presented here is to allow agencies to incorporate the social benefits of reducing carbon
dioxide (CO,) emissions into cost-benefit analyses of regulatory actions that impact cumulative global
emissions. The SCC is an estimate of the monetized damages associated with an incremental increase in
carbon emissions in a given year. It is intended to include (but is not limited to) changes in net
agricultural productivity, human health, property damages from increased flood risk, and the value of
ecosystem services due to climate change.

The interagency process that developed the original U.S. government’s SCC estimates is described in the
2010 interagency technical support document (TSD) (Interagency Working Group on Social Cost of
Carbon 2010). Through that process the interagency group selected four SCC values for use in
regulatory analyses. Three values are based on the average SCC from three integrated assessment
models (IAMs), at discount rates of 2.5, 3, and 5 percent. The fourth value, which represents the 95th
percentile SCC estimate across all three models at a 3 percent discount rate, is included to represent
higher-than-expected impacts from temperature change further out in the tails of the SCC distribution.

While acknowledging the continued limitations of the approach taken by the interagency group in 2010,
this document provides an update of the SCC estimates based on new versions of each IAM (DICE, PAGE,
and FUND). It does not revisit other interagency modeling decisions (e.g., with regard to the discount
rate, reference case socioeconomic and emission scenarios, or equilibrium climate sensitivity).
Improvements in the way damages are modeled are confined to those that have been incorporated into
the latest versions of the models by the developers themselves in the peer-reviewed literature.

The SCC estimates using the updated versions of the models are higher than those reported in the 2010
TSD. By way of comparison, the four 2020 SCC estimates reported in the 2010 TSD were $7, $26, $42
and $81 (2007S). The corresponding four updated SCC estimates for 2020 are $12, $43, $S65, and $129
(2007S). The model updates that are relevant to the SCC estimates include: an explicit representation of
sea level rise damages in the DICE and PAGE models; updated adaptation assumptions, revisions to
ensure damages are constrained by GDP, updated regional scaling of damages, and a revised treatment
of potentially abrupt shifts in climate damages in the PAGE model; an updated carbon cycle in the DICE
model; and updated damage functions for sea level rise impacts, the agricultural sector, and reduced
space heating requirements, as well as changes to the transient response of temperature to the buildup
of GHG concentrations and the inclusion of indirect effects of methane emissions in the FUND model.
The SCC estimates vary by year, and the following table summarizes the revised SCC estimates from
2010 through 2050.
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Revised Social Cost of CO,, 2010 — 2050 (in 2007 dollars per metric ton of CO,)

Discount Rate 5.0% 3.0% 2.5% 3.0%
Year Avg Avg Avg 95th
2010 11 33 52 90
2015 12 38 58 109
2020 12 43 65 129
2025 14 48 70 144
2030 16 52 76 159
2035 19 57 81 176
2040 21 62 87 192
2045 24 66 92 206
2050 27 71 98 221
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I Purpose

The purpose of this document is to update the schedule of social cost of carbon (SCC) estimates from
the 2010 interagency technical support document (TSD) (Interagency Working Group on Social Cost of
Carbon 2010).2 E.O. 13563 commits the Administration to regulatory decision making “based on the best
available science.”? Additionally, the interagency group recommended in 2010 that the SCC estimates
be revisited on a regular basis or as model updates that reflect the growing body of scientific and
economic knowledge become available.®> New versions of the three integrated assessment models used
by the U.S. government to estimate the SCC (DICE, FUND, and PAGE), are now available and have been
published in the peer reviewed literature. While acknowledging the continued limitations of the
approach taken by the interagency group in 2010 (documented in the original 2010 TSD), this document
provides an update of the SCC estimates based on the latest peer-reviewed version of the models,
replacing model versions that were developed up to ten years ago in a rapidly evolving field. It does not
revisit other assumptions with regard to the discount rate, reference case socioeconomic and emission
scenarios, or equilibrium climate sensitivity. Improvements in the way damages are modeled are
confined to those that have been incorporated into the latest versions of the models by the developers
themselves in the peer-reviewed literature. The agencies participating in the interagency working group
continue to investigate potential improvements to the way in which economic damages associated with
changes in CO, emissions are quantified.

Section Il summarizes the major updates relevant to SCC estimation that are contained in the new
versions of the integrated assessment models released since the 2010 interagency report. Section Il
presents the updated schedule of SCC estimates for 2010 — 2050 based on these versions of the models.
Section IV provides a discussion of other model limitations and research gaps.

Il. Summary of Model Updates

This section briefly summarizes changes to the most recent versions of the three integrated assessment
models (IAMs) used by the interagency group in 2010. We focus on describing those model updates that
are relevant to estimating the social cost of carbon, as summarized in Table 1. For example, both the
DICE and PAGE models now include an explicit representation of sea level rise damages. Other revisions
to PAGE include: updated adaptation assumptions, revisions to ensure damages are constrained by GDP,
updated regional scaling of damages, and a revised treatment of potentially abrupt shifts in climate
damages. The DICE model’s simple carbon cycle has been updated to be more consistent with a more
complex climate model. The FUND model includes updated damage functions for sea level rise impacts,
the agricultural sector, and reduced space heating requirements, as well as changes to the transient
response of temperature to the buildup of GHG concentrations and the inclusion of indirect effects of

1 In this document, we present all values of the SCC as the cost per metric ton of CO, emissions. Alternatively, one
could report the SCC as the cost per metric ton of carbon emissions. The multiplier for translating between mass of
CO; and the mass of carbon is 3.67 (the molecular weight of CO, divided by the molecular weight of carbon =
44/12 = 3.67).

2 http://www.whitehouse.gov/sites/default/files/omb/inforeg/e012866/e013563_01182011.pdf

3Seep. 1, 3,4, 29, and 33 (Interagency Working Group on Social Cost of Carbon 2010).
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methane emissions. Changes made to parts of the models that are superseded by the interagency
working group’s modeling assumptions — regarding equilibrium climate sensitivity, discounting, and
socioeconomic variables — are not discussed here but can be found in the references provided in each
section below.

Table 1: Summary of Key Model Revisions Relevant to the Interagency SCC

IAM Version used in New Key changes relevant to interagency SCC
2010 Interagency | Version
Analysis
DICE 2007 2010 Updated calibration of the carbon cycle model and

explicit representation of sea level rise (SLR) and
associated damages.

FUND 3.5 3.8 Updated damage functions for space heating, SLR,
(2009) (2012) agricultural impacts, changes to transient response of
temperature to buildup of GHG concentrations, and
inclusion of indirect climate effects of methane.
PAGE 2002 2009 Explicit representation of SLR damages, revisions to
damage function to ensure damages do not exceed
100% of GDP, change in regional scaling of damages,
revised treatment of potential abrupt damages, and
updated adaptation assumptions.

A. DICE

DICE 2010 includes a number of changes over the previous 2007 version used in the 2010 interagency
report. The model changes that are relevant for the SCC estimates developed by the interagency
working group include: 1) updated parameter values for the carbon cycle model, 2) an explicit
representation of sea level dynamics, and 3) a re-calibrated damage function that includes an explicit
representation of economic damages from sea level rise. Changes were also made to other parts of the
DICE model—including the equilibrium climate sensitivity parameter, the rate of change of total factor
productivity, and the elasticity of the marginal utility of consumption—but these components of DICE
are superseded by the interagency working group’s assumptions and so will not be discussed here. More
details on DICE2007 can be found in Nordhaus (2008) and on DICE2010 in Nordhaus (2010). The
DICE2010 model and documentation is also available for download from the homepage of William
Nordhaus.

Carbon Cycle Parameters

DICE uses a three-box model of carbon stocks and flows to represent the accumulation and transfer of
carbon among the atmosphere, the shallow ocean and terrestrial biosphere, and the deep ocean. These
parameters are “calibrated to match the carbon cycle in the Model for the Assessment of Greenhouse
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Gas Induced Climate Change (MAGICC)” (Nordhaus 2008 p 44).* Carbon cycle transfer coefficient values
in DICE2010 are based on re-calibration of the model to match the newer 2009 version of MAGICC
(Nordhaus 2010 p 2). For example, in DICE2010, in each decade, 12 percent of the carbon in the
atmosphere is transferred to the shallow ocean, 4.7 percent of the carbon in the shallow ocean is
transferred to the atmosphere, 94.8 percent remains in the shallow ocean, and 0.5 percent is
transferred to the deep ocean. For comparison, in DICE 2007, 18.9 percent of the carbon in the
atmosphere is transferred to the shallow ocean each decade, 9.7 percent of the carbon in the shallow
ocean is transferred to the atmosphere, 85.3 percent remains in the shallow ocean, and 5 percent is
transferred to the deep ocean.

The implication of these changes for DICE2010 is in general a weakening of the ocean as a carbon sink
and therefore a higher concentration of carbon in the atmosphere than in DICE2007, for a given path of
emissions. All else equal, these changes will generally increase the level of warming and therefore the
SCC estimates in DICE2010 relative to those from DICE2007.

Sea Level Dynamics

A new feature of DICE2010 is an explicit representation of the dynamics of the global average sea level
anomaly to be used in the updated damage function (discussed below). This section contains a brief
description of the sea level rise (SLR) module; a more detailed description can be found on the model
developer’s website.> The average global sea level anomaly is modeled as the sum of four terms that
represent contributions from: 1) thermal expansion of the oceans, 2) melting of glaciers and small ice
caps, 3) melting of the Greenland ice sheet, and 4) melting of the Antarctic ice sheet.

The parameters of the four components of the SLR module are calibrated to match consensus results
from the IPCC’s Fourth Assessment Report (AR4).° The rise in sea level from thermal expansion in each
time period (decade) is 2 percent of the difference between the sea level in the previous period and the
long run equilibrium sea level, which is 0.5 meters per degree Celsius (°C) above the average global
temperature in 1900. The rise in sea level from the melting of glaciers and small ice caps occurs at a rate
of 0.008 meters per decade per °C above the average global temperature in 1900.

The contribution to sea level rise from melting of the Greenland ice sheet is more complex. The
equilibrium contribution to SLR is 0 meters for temperature anomalies less than 1 °C and increases
linearly from O meters to a maximum of 7.3 meters for temperature anomalies between 1°C and 3.5 °C.
The contribution to SLR in each period is proportional to the difference between the previous period’s
sea level anomaly and the equilibrium sea level anomaly, where the constant of proportionality
increases with the temperature anomaly in the current period.

4 MAGICC is a simple climate model initially developed by the U.S. National Center for Atmospheric Research that
has been used heavily by the Intergovernmental Panel on Climate Change (IPCC) to emulate projections from more
sophisticated state of the art earth system simulation models (Randall et al. 2007).

5 Documentation on the new sea level rise module of DICE is available on William Nordhaus’ website at:
http://nordhaus.econ.yale.edu/documents/SLR_021910.pdf.

5 For a review of post-IPCC AR4 research on sea level rise, see Nicholls et al. (2011) and NAS (2011).
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The contribution to SLR from the melting of the Antarctic ice sheet is -0.001 meters per decade when
the temperature anomaly is below 3 °C and increases linearly between 3 °C and 6 °C to a maximum rate
of 0.025 meters per decade at a temperature anomaly of 6 °C.

Re-calibrated Damage Function

Economic damages from climate change in the DICE model are represented by a fractional loss of gross
economic output in each period. A portion of the remaining economic output in each period (net of
climate change damages) is consumed and the remainder is invested in the physical capital stock to
support future economic production, so each period’s climate damages will reduce consumption in that
period and in all future periods due to the lost investment. The fraction of output in each period that is
lost due to climate change impacts is represented as one minus a fraction, which is one divided by a
quadratic function of the temperature anomaly, producing a sigmoid (“S”-shaped) function.” The loss
function in DICE2010 has been expanded by adding a quadratic function of SLR to the quadratic function
of temperature. In DICE2010 the temperature anomaly coefficients have been recalibrated to avoid
double-counting damages from sea level rise that were implicitly included in these parameters in
DICE2007.

The aggregate damages in DICE2010 are illustrated by Nordhaus (2010 p 3), who notes that “...damages
in the uncontrolled (baseline) [i.e., reference] case ... in 2095 are $12 trillion, or 2.8 percent of global
output, for a global temperature increase of 3.4 °C above 1900 levels.” This compares to a loss of 3.2
percent of global output at 3.4 °C in DICE2007. However, in DICE2010, annual damages are lower in
most of the early periods of the modeling horizon but higher in later periods than would be calculated
using the DICE2007 damage function. Specifically, the percent difference between damages in the base
run of DICE2010 and those that would be calculated using the DICE2007 damage function starts at +7
percent in 2005, decreases to a low of -14 percent in 2065, then continuously increases to +20 percent
by 2300 (the end of the interagency analysis time horizon), and to +160 percent by the end of the model
time horizon in 2595. The large increases in the far future years of the time horizon are due to the
permanence associated with damages from sea level rise, along with the assumption that the sea level is
projected to continue to rise long after the global average temperature begins to decrease. The changes
to the loss function generally decrease the interagency working group SCC estimates slightly given that
relative increases in damages in later periods are discounted more heavily, all else equal.

B. FUND

FUND version 3.8 includes a number of changes over the previous version 3.5 (Narita et al. 2010) used in
the 2010 interagency report. Documentation supporting FUND and the model’s source code for all
versions of the model is available from the model authors.® Notable changes, due to their impact on the

7 The model and documentation, including formulas, are available on the author’s

webpage at http://www.econ.yale.edu/~nordhaus/homepage/RICEmodels.htm.

8 http://www.fund-model.org/. This report uses version 3.8 of the FUND model, which represents a modest update
to the most recent version of the model to appear in the literature (version 3.7) (Anthoff and Tol, 2013). For the
purpose of computing the SCC, the relevant changes (between 3.7 to 3.8) are associated with improving
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SCC estimates, are adjustments to the space heating, agriculture, and sea level rise damage functions in
addition to changes to the temperature response function and the inclusion of indirect effects from
methane emissions.’ We discuss each of these in turn.

Space Heating

In FUND, the damages associated with the change in energy needs for space heating are based on the
estimated impact due to one degree of warming. These baseline damages are scaled based on the
forecasted temperature anomaly’s deviation from the one degree benchmark and adjusted for changes
in vulnerability due to economic and energy efficiency growth. In FUND 3.5, the function that scales the
base year damages adjusted for vulnerability allows for the possibility that in some simulations the
benefits associated with reduced heating needs may be an unbounded convex function of the
temperature anomaly. In FUND 3.8, the form of the scaling has been modified to ensure that the
function is everywhere concave and that there will exist an upper bound on the benefits a region may
receive from reduced space heating needs. The new formulation approaches a value of two in the limit
of large temperature anomalies, or in other words, assuming no decrease in vulnerability, the reduced
expenditures on space heating at any level of warming will not exceed two times the reductions
experienced at one degree of warming. Since the reduced need for space heating represents a benefit of
climate change in the model, or a negative damage, this change will increase the estimated SCC. This
update accounts for a significant portion of the difference in the expected SCC estimates reported by
the two versions of the model when run probabilistically.

Sea Level Rise and Land Loss

The FUND model explicitly includes damages associated with the inundation of dry land due to sea level
rise. The amount of land lost within a region is dependent upon the proportion of the coastline being
protected by adequate sea walls and the amount of sea level rise. In FUND 3.5 the function defining the
potential land lost in a given year due to sea level rise is linear in the rate of sea level rise for that year.
This assumption implicitly assumes that all regions are well represented by a homogeneous coastline in
length and a constant uniform slope moving inland. In FUND 3.8 the function defining the potential land
lost has been changed to be a convex function of sea level rise, thereby assuming that the slope of the
shore line increases moving inland. The effect of this change is to typically reduce the vulnerability of
some regions to sea level rise based land loss, thereby lowering the expected SCC estimate. ©

Agriculture

consistency with IPCC AR4 by adjusting the atmospheric lifetimes of CH4 and N20 and incorporating the indirect
forcing effects of CH4, along with making minor stability improvements in the sea wall construction algorithm.

9 The other damage sectors (water resources, space cooling, land loss, migration, ecosystems, human health, and
extreme weather) were not significantly updated.

10 For stability purposes this report also uses an update to the model which assumes that regional coastal
protection measures will be built to protect the most valuable land first, such that the marginal benefits of coastal
protection is decreasing in the level of protection following Fankhauser (1995).
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In FUND, the damages associated with the agricultural sector are measured as proportional to the
sector’s value. The fraction is bounded from above by one and is made up of three additive components
that represent the effects from carbon fertilization, the rate of temperature change, and the level of the
temperature anomaly. In both FUND 3.5 and FUND 3.8, the fraction of the sector’s value lost due to the
level of the temperature anomaly is modeled as a quadratic function with an intercept of zero. In FUND
3.5, the coefficients of this loss function are modeled as the ratio of two random normal variables. This
specification had the potential for unintended extreme behavior as draws from the parameter in the
denominator approached zero or went negative. In FUND 3.8, the coefficients are drawn directly from
truncated normal distributions so that they remain in the range [0,%0) and (—,0], respectively,
ensuring the correct sign and eliminating the potential for divide by zero errors. The means for the new
distributions are set equal to the ratio of the means from the normal distributions used in the previous
version. In general the impact of this change has been to decrease the range of the distribution while
spreading out the distributions’ mass over the remaining range relative to the previous version. The net
effect of this change on the SCC estimates is difficult to predict.

Transient Temperature Response

The temperature response model translates changes in global levels of radiative forcing into the current
expected temperature anomaly. In FUND, a given year’s increase in the temperature anomaly is based
on a mean reverting function where the mean equals the equilibrium temperature anomaly that would
eventually be reached if that year’s level of radiative forcing were sustained. The rate of mean reversion
defines the rate at which the transient temperature approaches the equilibrium. In FUND 3.5, the rate
of temperature response is defined as a decreasing linear function of equilibrium climate sensitivity to
capture the fact that the progressive heat uptake of the deep ocean causes the rate to slow at higher
values of the equilibrium climate sensitivity. In FUND 3.8, the rate of temperature response has been
updated to a quadratic function of the equilibrium climate sensitivity. This change reduces the sensitivity
of the rate of temperature response to the level of the equilibrium climate sensitivity, a relationship first
noted by Hansen et al. (1985) based on the heat uptake of the deep ocean. Therefore in FUND 3.8, the
temperature response will typically be faster than in the previous version. The overall effect of this
change is likely to increase estimates of the SCC as higher temperatures are reached during the
timeframe analyzed and as the same damages experienced in the previous version of the model are now
experienced earlier and therefore discounted less.

Methane

The IPCC AR4 notes a series of indirect effects of methane emissions, and has developed methods for
proxying such effects when computing the global warming potential of methane (Forster et al. 2007).
FUND 3.8 now includes the same methods for incorporating the indirect effects of methane emissions.
Specifically, the average atmospheric lifetime of methane has been set to 12 years to account for the
feedback of methane emissions on its own lifetime. The radiative forcing associated with atmospheric
methane has also been increased by 40% to account for its net impact on ozone production and
stratospheric water vapor. All else equal, the effect of this increased radiative forcing will be to increase
the estimated SCC values, due to greater projected temperature anomaly.
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C. PAGE

PAGEQ9 (Hope 2013) includes a number of changes from PAGE2002, the version used in the 2010 SCC
interagency report. The changes that most directly affect the SCC estimates include: explicitly modeling
the impacts from sea level rise, revisions to the damage function to ensure damages are constrained by
GDP, a change in the regional scaling of damages, a revised treatment for the probability of a
discontinuity within the damage function, and revised assumptions on adaptation. The model also
includes revisions to the carbon cycle feedback and the calculation of regional temperatures.!! More
details on PAGEQ9 can be found in Hope (2011a, 2011b, 2011c). A description of PAGE2002 can be found
in Hope (2006).

Sea Level Rise

While PAGE2002 aggregates all damages into two categories — economic and non-economic impacts -,
PAGEOQ9 adds a third explicit category: damages from sea level rise. In the previous version of the model,
damages from sea level rise were subsumed by the other damage categories. In PAGEQ9 sea level
damages increase less than linearly with sea level under the assumption that land, people, and GDP are
more concentrated in low-lying shoreline areas. Damages from the economic and non-economic sector
were adjusted to account for the introduction of this new category.

Revised Damage Function to Account for Saturation

In PAGEQ9, small initial economic and non-economic benefits (negative damages) are modeled for small
temperature increases, but all regions eventually experience economic damages from climate change,
where damages are the sum of additively separable polynomial functions of temperature and sea level
rise. Damages transition from this polynomial function to a logistic path once they exceed a certain
proportion of remaining Gross Domestic Product (GDP) to ensure that damages do not exceed 100
percent of GDP. This differs from PAGE2002, which allowed Eastern Europe to potentially experience
large benefits from temperature increases, and which also did not bound the possible damages that
could be experienced.

Regional Scaling Factors

As in the previous version of PAGE, the PAGEO9 model calculates the damages for the European Union
(EU) and then, assumes that damages for other regions are proportional based on a given scaling factor.
The scaling factor in PAGEQ9 is based on the length of a region’s coastline relative to the EU (Hope
2011b). Because of the long coastline in the EU, other regions are, on average, less vulnerable than the
EU for the same sea level and temperature increase, but all regions have a positive scaling factor.
PAGE2002 based its scaling factors on four studies reported in the IPCC’s third assessment report, and
allowed for benefits from temperature increase in Eastern Europe, smaller impacts in developed
countries, and higher damages in developing countries.

11 Because several changes in the PAGE model are structural (e.g., the addition of sea level rise and treatment of
discontinuity), it is not possible to assess the direct impact of each change on the SCC in isolation as done for the
other two models above.
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Probability of a Discontinuity

In PAGE2002, the damages associated with a “discontinuity” (nonlinear extreme event) were modeled
as an expected value. Specifically, a stochastic probability of a discontinuity was multiplied by the
damages associated with a discontinuity to obtain an expected value, and this was added to the
economic and non-economic impacts. That is, additional damages from an extreme event, such as
extreme melting of the Greenland ice sheet, were multiplied by the probability of the event occurring
and added to the damage estimate. In PAGEQ9, the probability of discontinuity is treated as a discrete
event for each year in the model. The damages for each model run are estimated either with or without
a discontinuity occurring, rather than as an expected value. A large-scale discontinuity becomes possible
when the temperature rises beyond some threshold value between 2 and 4°C. The probability that a
discontinuity will occur beyond this threshold then increases by between 10 and 30 percent for every
1°Crise in temperature beyond the threshold. If a discontinuity occurs, the EU loses an additional 5 to
25 percent of its GDP (drawn from a triangular distribution with a mean of 15 percent) in addition to
other damages, and other regions lose an amount determined by the regional scaling factor. The
threshold value for a possible discontinuity is lower than in PAGE2002, while the rate at which the
probability of a discontinuity increases with the temperature anomaly and the damages that result from
a discontinuity are both higher than in PAGE2002. The model assumes that only one discontinuity can
occur and that the impact is phased in over a period of time, but once it occurs, its effect is permanent.

Adaptation

As in PAGE2002, adaptation is available to help mitigate any climate change impacts that occur. In PAGE
this adaptation is the same regardless of the temperature change or sea level rise and is therefore akin
to what is more commonly considered a reduction in vulnerability. It is modeled by reducing the
damages by some percentage. PAGEQ9 assumes a smaller decrease in vulnerability than the previous
version of the model and assumes that it will take longer for this change in vulnerability to be realized.
In the aggregated economic sector, at the time of full implementation, this adaptation will mitigate all
damages up to a temperature increase of 1°C, and for temperature anomalies between 1°C and 2°C, it
will reduce damages by 15-30 percent (depending on the region). However, it takes 20 years to fully
implement this adaptation. In PAGE2002, adaptation was assumed to reduce economic sector damages
up to 2°C by 50-90 percent after 20 years. Beyond 2°C, no adaptation is assumed to be available to
mitigate the impacts of climate change. For the non-economic sector, in PAGEQ9 adaptation is available
to reduce 15 percent of the damages due to a temperature increase between 0°C and 2°C and is
assumed to take 40 years to fully implement, instead of 25 percent of the damages over 20 years
assumed in PAGE2002. Similarly, adaptation is assumed to alleviate 25-50 percent of the damages from
the first 0.20 to 0.25 meters of sea level rise but is assumed to be ineffective thereafter. Hope (2011c)
estimates that the less optimistic assumptions regarding the ability to offset impacts of temperature and
sea level rise via adaptation increase the SCC by approximately 30 percent.

Other Noteworthy Changes
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Two other changes in the model are worth noting. There is a change in the way the model accounts for
decreased CO; absorption on land and in the ocean as temperature rises. PAGEQ9 introduces a linear
feedback from global mean temperature to the percentage gain in the excess concentration of CO,,
capped at a maximum level. In PAGE2002, an additional amount was added to the CO; emissions each
period to account for a decrease in ocean absorption and a loss of soil carbon. Also updated is the
method by which the average global and annual temperature anomaly is downscaled to determine
annual average regional temperature anomalies to be used in the regional damage functions. In
PAGE2002, the scaling was determined solely based on regional difference in emissions of sulfate
aerosols. In PAGEQ9, this regional temperature anomaly is further adjusted using an additive factor that
is based on the average absolute latitude of a region relative to the area weighted average absolute
latitude of the Earth’s landmass, to capture relatively greater changes in temperature forecast to be
experienced at higher latitudes.

1. Revised SCC Estimates

The updated versions of the three integrated assessment models were run using the same methodology
detailed in the 2010 TSD (Interagency Working Group on Social Cost of Carbon 2010). The approach
along with the inputs for the socioeconomic emissions scenarios, equilibrium climate sensitivity
distribution, and discount rate remains the same. This includes the five reference scenarios based on the
EMF-22 modeling exercise, the Roe and Baker equilibrium climate sensitivity distribution calibrated to
the IPCC AR4, and three constant discount rates of 2.5, 3, and 5 percent.

As was previously the case, the use of three models, three discount rates, and five scenarios produces
45 separate distributions for the global SCC. The approach laid out in the 2010 TSD applied equal weight
to each model and socioeconomic scenario in order to reduce the dimensionality down to three
separate distributions representative of the three discount rates. The interagency group selected four
values from these distributions for use in regulatory analysis. Three values are based on the average SCC
across models and socio-economic-emissions scenarios at the 2.5, 3, and 5 percent discount rates,
respectively. The fourth value was chosen to represent the higher-than-expected economic impacts
from climate change further out in the tails of the SCC distribution. For this purpose, the 95th percentile
of the SCC estimates at a 3 percent discount rate was chosen. (A detailed set of percentiles by model
and scenario combination and additional summary statistics for the 2020 values is available in the
Appendix.) As noted in the 2010 TSD, “the 3 percent discount rate is the central value, and so the
central value that emerges is the average SCC across models at the 3 percent discount rate”
(Interagency Working Group on Social Cost of Carbon 2010, p. 25). However, for purposes of capturing
the uncertainties involved in regulatory impact analysis, the interagency group emphasizes the
importance and value of including all four SCC values.

Table 2 shows the four selected SCC estimates in five year increments from 2010 to 2050. Values for
2010, 2020, 2030, 2040, and 2050 are calculated by first combining all outputs (10,000 estimates per
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model run) from all scenarios and models for a given discount rate. Values for the years in between are
calculated using linear interpolation. The full set of revised annual SCC estimates between 2010 and
2050 is reported in the Appendix.

Table 2: Revised Social Cost of CO,, 2010 — 2050 (in 2007 dollars per metric ton of CO,)

Discount Rate 5.0% 3.0% 2.5% 3.0%
Year Avg Avg Avg 95th
2010 11 33 52 90
2015 12 38 58 109
2020 12 43 65 129
2025 14 48 70 144
2030 16 52 76 159
2035 19 57 81 176
2040 21 62 87 192
2045 24 66 92 206
2050 27 71 98 221

The SCC estimates using the updated versions of the models are higher than those reported in the 2010
TSD due to the changes to the models outlined in the previous section. By way of comparison, the 2020
SCC estimates reported in the original TSD were $7, $26, $42 and $81 (2007S$) (Interagency Working
Group on Social Cost of Carbon 2010). Figure 1 illustrates where the four SCC values for 2020 fall within
the full distribution for each discount rate based on the combined set of runs for each model and
scenario (150,000 estimates in total for each discount rate). In general, the distributions are skewed to
the right and have long tails. The Figure also shows that the lower the discount rate, the longer the right
tail of the distribution.

Figure 1: Distribution of SCC Estimates for 2020 (in 2007$ per metric ton CO;)
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As was the case in the 2010 TSD, the SCC increases over time because future emissions are expected to
produce larger incremental damages as physical and economic systems become more stressed in
response to greater climatic change. The approach taken by the interagency group is to compute the
cost of a marginal ton emitted in the future by running the models for a set of perturbation years out to
2050. Table 3 illustrates how the growth rate for these four SCC estimates varies over time.

Table 3: Average Annual Growth Rates of SCC Estimates between 2010 and 2050

Average Annual Growth 5.0% 3.0% 2.5% 3.0%
Rate (%) Avg Avg Avg 95th
2010-2020 1.2% 3.2% 2.4% 4.3%
2020-2030 3.4% 2.1% 1.7% 2.4%
2030-2040 3.0% 1.8% 1.5% 2.0%
2040-2050 2.6% 1.6% 1.3% 1.5%

The future monetized value of emission reductions in each year (the SCC in year t multiplied by the
change in emissions in year t) must be discounted to the present to determine its total net present value
for use in regulatory analysis. As previously discussed in the 2010 TSD, damages from future emissions
should be discounted at the same rate as that used to calculate the SCC estimates themselves to ensure
internal consistency — i.e., future damages from climate change, whether they result from emissions
today or emissions in a later year, should be discounted using the same rate.

Under current OMB guidance contained in Circular A-4, analysis of economically significant proposed
and final regulations from the domestic perspective is required, while analysis from the international
perspective is optional. However, the climate change problem is highly unusual in at least two respects.
First, it involves a global externality: emissions of most greenhouse gases contribute to damages around
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the world even when they are emitted in the United States. Consequently, to address the global nature
of the problem, the SCC must incorporate the full (global) damages caused by GHG emissions. Second,
climate change presents a problem that the United States alone cannot solve. Even if the United States
were to reduce its greenhouse gas emissions to zero, that step would be far from enough to avoid
substantial climate change. Other countries would also need to take action to reduce emissions if
significant changes in the global climate are to be avoided. Emphasizing the need for a global solution to
a global problem, the United States has been actively involved in seeking international agreements to
reduce emissions and in encouraging other nations, including emerging major economies, to take
significant steps to reduce emissions. When these considerations are taken as a whole, the interagency
group concluded that a global measure of the benefits from reducing U.S. emissions is preferable. For
additional discussion, see the 2010 TSD.

Iv. Other Model Limitations and Research Gaps

The 2010 interagency SCC TSD discusses a number of important limitations for which additional research
is needed. In particular, the document highlights the need to improve the quantification of both non-
catastrophic and catastrophic damages, the treatment of adaptation and technological change, and the
way in which inter-regional and inter-sectoral linkages are modeled. While the new version of the
models discussed above offer some improvements in these areas, further work remains warranted. The
2010 TSD also discusses the need to more carefully assess the implications of risk aversion for SCC
estimation as well as the inability to perfectly substitute between climate and non-climate goods at
higher temperature increases, both of which have implications for the discount rate used. EPA, DOE, and
other agencies continue to engage in research on modeling and valuation of climate impacts that can
potentially improve SCC estimation in the future.
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Table Al: Annual SCC Values: 2010-2050 (2007S$/metric ton CO,)

Discount Rate 5.0% 3.0% 2.5% 3.0%
Year Avg Avg Avg 95th
2010 11 33 52 90
2011 11 34 54 94
2012 11 35 55 98
2013 11 36 56 102
2014 11 37 57 106
2015 12 38 58 109
2016 12 39 60 113
2017 12 40 61 117
2018 12 41 62 121
2019 12 42 63 125
2020 12 43 65 129
2021 13 44 66 132
2022 13 45 67 135
2023 13 46 68 138
2024 14 47 69 141
2025 14 48 70 144
2026 15 49 71 147
2027 15 49 72 150
2028 15 50 73 153
2029 16 51 74 156
2030 16 52 76 159
2031 17 53 77 163
2032 17 54 78 166
2033 18 55 79 169
2034 18 56 80 172
2035 19 57 81 176
2036 19 58 82 179
2037 20 59 84 182
2038 20 60 85 185
2039 21 61 86 188
2040 21 62 87 192
2041 22 63 88 195
2042 22 64 89 198
2043 23 65 90 200
2044 23 65 91 203
2045 24 66 92 206
2046 24 67 94 209
2047 25 68 95 212
2048 25 69 96 215
2049 26 70 97 218
2050 27 71 98 221
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Table A2: 2020 Global SCC Estimates at 2.5 Percent Discount Rate (20075/metric ton CO;)

Percentile 1st 5th 10th  25th  50th  Avg  75th  90th  95% 99th
Scenario®? PAGE

IMAGE 6 11 15 27 58 129 139 327 515 991
MERGE 4 6 9 16 34 78 82 196 317 649
MESSAGE 4 8 11 20 42 108 107 278 483 918
MiniCAM Base 5 9 12 22 47 107 113 266 431 872
5th Scenario 2 4 6 11 25 85 68 200 387 955
Scenario DICE

IMAGE 25 31 37 47 64 72 92 123 139 161
MERGE 14 18 20 26 36 40 50 65 74 85

MESSAGE 20 24 28 37 51 58 71 95 109 221
MiniCAM Base 20 25 29 38 53 61 76 102 117 135
5th Scenario 17 22 25 33 45 52 65 91 106 126
Scenario FUND

IMAGE -17 -1 5 17 34 44 59 90 113 176
MERGE -7 2 7 16 30 35 49 72 91 146
MESSAGE -19 -4 2 12 27 32 46 70 87 135
MiniCAM Base -9 1 8 18 35 45 59 87 108 172
5th Scenario -30 -12 -5 6 19 24 35 57 72 108

Table A3: 2020 Global SCC Estimates at 3 Percent Discount Rate (2007$/metric ton CO,)

Percentile 1st 5th 10th 25th 50th Avg 75th 90th 95th 99th
Scenario PAGE

IMAGE 4 7 10 18 38 91 95 238 385 727
MERGE 2 4 6 11 23 56 58 142 232 481
MESSAGE 3 5 7 13 29 75 74 197 330 641
MiniCAM Base 3 5 8 14 30 73 75 184 300 623
5th Scenario 1 3 4 7 17 58 48 136 264 660
Scenario DICE

IMAGE 16 21 24 32 43 48 60 79 90 102
MERGE 10 13 15 19 25 28 35 44 50 58

MESSAGE 14 18 20 26 35 40 49 64 73 83

MiniCAM Base 13 17 20 26 35 39 49 65 73 85

5th Scenario 12 15 17 22 30 34 43 58 67 79

Scenario FUND

IMAGE -14 -3 1 9 20 25 35 54 69 111
MERGE -8 -1 3 9 18 22 31 47 60 97

MESSAGE -16 -5 -1 6 16 18 28 43 55 88

MiniCAM Base -9 -1 3 10 21 27 35 53 67 107
5th Scenario -22 -10 -5 2 10 13 20 33 42 63

12 5ee 2010 TSD for a description of these scenarios.
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Table A4: 2020 Global SCC Estimates at 5 Percent Discount Rate (2007$/metric ton CO,)

Percentile 1st 5th 10th 25th 50th Avg 75th 90th 95th 99th
Scenario PAGE

IMAGE 1 2 2 5 10 28 27 71 123 244
MERGE 1 1 2 3 7 17 17 45 75 153
MESSAGE 1 1 2 4 9 24 22 60 106 216
MiniCAM Base 1 1 2 3 8 21 21 54 94 190
5th Scenario 0 1 1 2 5 18 14 41 78 208
Scenario DICE

IMAGE 6 8 9 11 14 15 18 22 25 27

MERGE 4 5 6 7 9 10 12 15 16 18

MESSAGE 6 7 8 10 12 13 16 20 22 25

MiniCAM Base 5 6 7 8 11 12 14 18 20 22

5th Scenario 5 6 6 8 10 11 14 17 19 21

Scenario FUND

IMAGE -9 -5 -3 -1 2 3 6 11 15 25

MERGE -6 -3 -2 0 3 4 7 12 16 27

MESSAGE -10 -6 -4 -1 2 2 5 9 13 23

MiniCAM Base -7 -3 -2 0 3 4 7 11 15 26

5th Scenario -11 -7 -5 -2 0 0 3 6 8 14
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Table A5: Additional Summary Statistics of 2020 Global SCC Estimates
Discount rate: 5.0% 3.0% 2.5%

Statistic: Mean Variance Skewness Kurtosis Mean Variance Skewness Kurtosis Mean Variance Skewness Kurtosis
DICE 12 26 2 15 38 409 3 24 57 1097 3 30
PAGE 22 1616 5 32 71 14953 4 22 101 29312 4 23
FUND 3 560 -170 35222 21 22487 -85 18842 36 68055 -46 13105
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Why GAO Did This Study

Executive Order 12866 directs federal
agencies to assess the economic
effects of their proposed significant
regulatory actions, including a
determination that a regulation’s
benefits justify the costs. In 2008, a
federal appeals court directed DOT to
update a regulatory impact analysis
with an estimate of the social cost of
carbon—the dollar value of the net
effects (damages and benefits) of an
increase in emissions of carbon
dioxide, a greenhouse gas.

In 2009, the Interagency Working
Group on Social Cost of Carbon was
convened to develop estimates for use
governmentwide, and it issued final
estimates in its 2010 Technical
Support Document. In 2013, the group
issued revised estimates that were
about 50 percent higher than the 2010
estimates, which raised public interest.

GAO was asked to review the working
group’s development of social cost of
carbon estimates. This report
describes the participating entities and
processes and methods they used to
develop the 2010 and 2013 estimates.
GAO reviewed executive orders, OMB
guidance, the Technical Support
Document, its 2013 update, and other
key documents. GAO interviewed
officials who participated in the working
group on behalf of the EOP offices and
agencies involved. GAO did not
evaluate the quality of the working
group’s approach.

GAO is making no recommendations in
this report. Of seven agencies, OMB
and Treasury provided written or oral
comments and generally agreed with
the findings in this report. Other
agencies provided technical comments
only or had no comments.

View GAO-14-663. For more information,
contact J. Alfredo Gémez at (202) 512-3841 or
gomezj@gao.gov.
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REGULATORY IMPACT ANALYSIS

Development of Social Cost of Carbon Estimates

What GAO Found

To develop the 2010 and 2013 social cost of carbon estimates, the Office of
Management and Budget (OMB) and Council of Economic Advisers convened
and led an informal interagency working group in which four other offices from
the Executive Office of the President (EOP) and six federal agencies
participated. Participating agencies were the Environmental Protection Agency
(EPA) and the Departments of Agriculture, Commerce, Energy, Transportation
(DOT), and the Treasury. According to several working group participants, the
working group included relevant subject-matter experts and the agencies likely to
use the estimates in future rulemakings. According to OMB staff, there is no
single approach for convening informal interagency working groups and no
requirement that this type of working group should document its activities or
proceedings. However, OMB and EPA participants stated that the working group
documented all major issues discussed in the Technical Support Document,
which is consistent with federal standards for internal control. According to the
Technical Support Document and participants GAO interviewed, the working
group’s processes and methods reflected the following three principles:

o Used consensus-based decision making. The working group used a
consensus-based approach for making key decisions in developing the 2010
and 2013 estimates. Participants generally stated that they were satisfied
that the Technical Support Document addressed individual comments on
draft versions and reflected the overall consensus of the working group.

e Relied on existing academic literature and models. The working group
relied largely on existing academic literature and models to develop its
estimates. Specifically, the working group used three prevalent academic
models that integrate climate and economic data to estimate future economic
effects from climate change. The group agreed on three modeling inputs
reflecting the wide uncertainty in the academic literature, including discount
rates. Once the group reached agreement, EPA officials—sometimes with
the assistance of the model developers—calculated the estimates. All other
model assumptions and features were unchanged by the working group,
which weighted each model equally to calculate estimates. After the
academic models were updated to reflect new scientific information, such as
in sea level rise and associated damages, the working group used the
updated models to revise its estimates in 2013, resulting in higher estimates.

o Took steps to disclose limitations and incorporate new information. The
Technical Support Document discloses several limitations of the estimates
and areas that the working group identified as being in need of additional
research. It also sets a goal of revisiting the estimates when substantially
updated models become available. Since 2008, agencies have published
dozens of regulatory actions for public comment that use various social cost
of carbon estimates in regulatory analyses and, according to working group
participants, agencies received many comments on the estimates throughout
this process. Several participants told GAO that the working group decided to
revise the estimates in 2013 after a number of public comments encouraged
revisions because the models used to develop the 2010 estimates had been
updated and used in peer-reviewed academic literature.
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1 U.S. GOVERNMENT ACCOUNTABILITY OFFICE
July 24, 2014

The Honorable David Vitter

Ranking Member

Committee on Environment and Public Works
United States Senate

The Honorable Tim Murphy

Chairman

Subcommittee on Oversight and Investigations
Committee on Energy and Commerce

House of Representatives

The Honorable John Culberson
House of Representatives

The Honorable Duncan Hunter
House of Representatives

To encourage a regulatory system that protects and improves health,
safety, the environment, and the economy, without imposing
unreasonable costs on society, federal agencies are required to assess
the economic effects of proposed significant regulatory actions. Agencies
can use regulatory impact analysis to assess whether a proposed
regulation’s benefits justify the costs. For example, regulations aimed at
benefiting society by decreasing health risks associated with air pollution
may require regulated entities, such as power plants, to incur costs for
installing pollution control technologies. According to Environmental
Protection Agency (EPA) officials, beginning in 2008, some agencies’
regulatory impact analyses incorporated estimates of the social cost of
carbon," which agencies use to value the net effects of reducing or

"The social cost of carbon (measured in dollars per metric ton of carbon dioxide) is the
monetized net effects (damages and benefits) associated with an incremental increase in
carbon emissions in a given year. Estimates of the social cost of carbon depend on the
data and the models used to calculate them and can include a wide range of damage
categories, such as projected changes in net agricultural productivity, human health, and
property damages from increased flood risk due to increased carbon emissions.
Monetization is the process of estimating the dollar value of benefits and costs.
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increasing carbon dioxide emissions.? In 2009, in part because agencies
used varying estimates of the social cost of carbon, the Executive Office
of the President’s (EOP) Office of Management and Budget (OMB) and
Council of Economic Advisers convened an interagency working group to
develop social cost of carbon estimates for federal agencies to use in
their regulatory impact analyses. The working group finalized its
estimates in 2010 and included them in a document—called the Technical
Support Document—that also provides guidance for agencies on using
the estimates.? In May 2013, the working group issued an update to the
Technical Support Document that included revised estimates of the social
cost of carbon.* These 2013 estimates of the social cost of carbon were
approximately 50 percent higher than the 2010 estimates, which raised
public interest.

You asked us to review the interagency working group’s development of
social cost of carbon estimates. This report describes the approach used,
including participating entities and processes and methods, to develop
the 2010 and 2013 social cost of carbon estimates for regulatory impact
analysis.

To address this objective, we reviewed pertinent requirements and
guidance, including executive orders and OMB guidance; the Technical
Support Document and its 2013 update; published materials and
presentations by working group participants on the development of the
social cost of carbon estimates; and related GAO reports. We interviewed
current and former federal officials or staff who participated in the working
group on behalf of the EOP offices and agencies named in the Technical

2Carbon dioxide is a greenhouse gas recognized as a major contributor to climate change.
Concentrations of greenhouse gases—including carbon dioxide, methane, nitrous oxide,
and synthetic chemicals such as fluorinated gases—trap heat in the atmosphere and
prevent it from returning to space.

3'Interagency Working Group on Social Cost of Carbon, United States Government,
Technical Support Document: Social Cost of Carbon for Regulatory Impact Analysis under
Executive Order 12866 (Washington, D.C.: February 2010).

4Interagency Working Group on Social Cost of Carbon, United States Government,
Technical Support Document: Technical Update of the Social Cost of Carbon for
Regulatory Impact Analysis under Executive Order 12866 (Washington, D.C.: May 2013).
This document was reissued with minor technical corrections in November 2013.



PUC Docket No. E-999/CI-14-642
OAH Docket No. 80-2500-31888

Background

Dr. Stephen Polasky Direct Testimony
Clean Energy Organizations
Schedule 4

Exhibit

Support Document.® We identified these participants by contacting all of
the agencies and OMB and then following up with additional individuals
identified during our discussions with them. Through this process, we
interviewed over 20 individuals who participated in the working group to
develop the estimates in the Technical Support Document or its 2013
update, or both. We also corresponded with researchers who developed
key academic materials the working group used. Our review describes
the approach the working group used to develop estimates of the social
cost of carbon; evaluating the quality of the approach is outside the scope
of this review.

We conducted this performance audit from November 2013 to July 2014
in accordance with generally accepted government auditing standards.
Those standards require that we plan and perform the audit to obtain
sufficient, appropriate evidence to provide a reasonable basis for our
findings and conclusions based on our audit objectives. We believe that
the evidence obtained provides a reasonable basis for our findings and
conclusions based on our audit objectives.

Executive Order 12866 directs federal agencies to assess the potential
costs and benefits of their significant regulatory actions, consisting of
several categories of regulatory actions, including those likely to result in
a rule that may have an annual effect on the economy of $100 million or
more or that have a material adverse effect on the economy; a sector of
the economy; productivity; competition; jobs; the environment; public
health or safety; or state, local, or tribal governments or communities.®
Under the executive order, for regulatory actions expected to meet this

5According to the Technical Support Document, the working group consisted of
participants from the Council of Economic Advisers, Council on Environmental Quality,
EPA, National Economic Council, Office of Energy and Climate Change, OMB, Office of
Science and Technology Policy, and the Departments of Agriculture, Commerce, Energy,
Transportation, and the Treasury. In March 2011, the Office of Energy and Climate
Change joined the Domestic Policy Council.

SExec. Order No. 12866, 58 Fed. Reg. 51,735 (Sept. 30, 1993). Other significant
regulatory actions include those that are likely to result in a rule that may create a serious
inconsistency or otherwise interfere with an action taken or planned by another agency;
materially alter the budgetary impact of entitlements, grants, user fees, or loan programs
or the rights and obligations of recipients thereof; or raise novel legal or policy issues
arising out of legal mandates, the President’s priorities, or the principles set forth in
Executive Order 12866.
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threshold, or economically significant regulatory actions, agencies must
also assess costs and benefits of reasonably feasible alternatives and
explain why the planned regulatory action is preferable to the identified
alternatives. For each significant regulatory action, the agency is to
develop the proposed regulation and associated regulatory impact
analysis and submit them to OMB for formal review. After OMB concludes
its review, the agency is to publish the proposed rule in the Federal
Register for public comment. The agency is to issue a document
summarizing its consideration of the public comments and, if appropriate,
modify the proposed rule in response to the comments. This phase of
regulatory development may also include further internal and external
review. For significant regulatory actions, the agency is to submit the final
regulatory impact analysis and regulation to OMB for review before it
publishes the final rule.

In 2003, OMB issued Circular A-4 to provide guidance to federal agencies
on the development of regulatory analysis as directed by Executive Order
12866. Circular A-4 states that it is designed to assist agencies by
defining good regulatory analysis and standardizing the way benefits and
costs of federal regulatory actions are measured and reported. In
particular, the guidance provides for systematic evaluation of qualitative
and quantitative benefits and costs, including their monetization. Circular
A-4 also provides guidance on the selection of discount rates to adjust the
estimated benefits and costs for differences in timing.® According to
Circular A-4, a regulatory impact analysis should include an evaluation of
the benefits and costs of the proposed action and any reasonable
alternatives, as well as a description of assumptions and uncertainty.® It
acknowledges that agencies cannot analyze all regulations according to a

"OMB, Circular A-4: Regulatory Analysis (Sept. 17, 2003).

8When the benefits and costs of a regulatory action will occur in the future, agencies must
determine the present value of future benefits and costs by applying an appropriate
discount rate—the interest rate used to convert benefits and costs occurring in different
time periods to a common present value.

SCircular A-4 states that agencies should discount future benefits and costs using rates of
3 and 7 percent but notes that agencies may, in addition, consider a lower discount rate if
a rule will have important intergenerational benefits or costs. In July 2014, we reported on
the application of the guidance in Circular A-4 and the Technical Support Document and
made recommendations to OMB to help clarify the relationship between those two
documents. See GAO, Environmental Regulation: EPA Should Improve Adherence to
Guidance for Selected Elements of Regulatory Impact Analyses, GAO-14-519
(Washington, D.C.: July 18, 2014).
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formula, and that different regulations may call for different emphases in
the analysis. Executive Order 13563, which reaffirmed and supplemented
Executive Order 12866 in 2011, generally directs federal agencies to
conduct regulatory actions based on the best available science.® It also
directs agencies to use the best available techniques to quantify benefits
and costs accurately.

Federal agencies began including estimates of the social cost of carbon
in regulatory impact analyses following a decision by the U.S. Court of
Appeals for the Ninth Circuit. Specifically, in 2006, the Department of
Transportation’s National Highway Traffic Safety Administration (NHTSA)
issued a final rule on fuel economy standards for certain vehicles which,
like other regulations at the time, did not include estimates of the social
cost of carbon.! The final rule stated that the agency had identified a
benefit from a significant reduction in carbon dioxide emissions but stated
that the dollar value of the benefit could not be determined because of the
wide variation in published estimates of the social cost of carbon. In 2008,
in response to a challenge from 11 states and several other
organizations, the Ninth Circuit held that NHTSA had acted arbitrarily and
capriciously by failing to monetize the value of carbon emissions
reduction and directed NHTSA to include such a monetized value in an
updated regulatory impact analysis for the regulation.' The court stated
that, “[w]hile the record shows that there is a range of values, the value of
carbon emissions reduction is certainly not zero.”'® Following the court’s
decision, the Department of Energy, the Department of Transportation,
and EPA incorporated a variety of individually developed estimates of the
social cost of carbon into their regulatory analyses. These estimates were
derived from academic literature and ranged, in general, from $0 to $159
(in 2006, 2007, or 2008 dollars) per metric ton of carbon dioxide emitted

OExec. Order No. 13563, 76 Fed. Reg. 3821 (Jan. 18, 2011).

11Average Fuel Economy Standards for Light Trucks Model Years 2008-2011, 71 Fed.
Reg. 17,566 (Apr. 6, 2006). According to EPA officials, other regulations at the time did
not typically quantify changes in carbon emissions.

2Ctr. For Biological Diversity v. Nat'| Highway Traffic Safety Admin., 538 F.3d 1172, 1203
(9th Cir. 2008). The Ninth Circuit issued the 2008 opinion after vacating and withdrawing
its prior opinion, 508 F.3d 508, issued on Nov. 15, 2007.

131d. at 1200.
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in 2007. They also varied in whether they reflected domestic or global
measures of the social cost of carbon.’

In early 2009, in part to improve consistency in agencies’ use of social
cost of carbon estimates for regulatory impact analysis, OMB’s Office of
Information and Regulatory Affairs and the Council of Economic Advisers
convened the Interagency Working Group on Social Cost of Carbon. The
working group developed interim governmentwide social cost of carbon
estimates based on an average of selected estimates published in
academic literature. The interim estimates first appeared—and, thus,
were first available for public review—in August 2009 in the Department
of Energy’s final rule on energy standards for vending machines.'
Agencies subsequently incorporated the interim estimates into several
published regulatory actions that sought public comments to inform the
development of final estimates for future use. The middle or “central”
value for the range of interim estimates was $19 (in 2006 dollars) per
metric ton of carbon dioxide emitted in 2007.1

In October 2009, after developing the interim estimates, the working
group reassembled to begin developing the final social cost of carbon
estimates issued in the Technical Support Document. While the Technical
Support Document is dated February 2010, it was first released publicly in
March 2010 as an appendix to the Department of Energy’s final rule on
energy standards for small electric motors."” Subsequently, dozens of
published regulatory actions incorporated the estimates. The Technical

"The benefits and costs of reducing most greenhouse gas emissions, including carbon
dioxide, differ from most other benefits and costs in at least two respects: (1) greenhouse
gas emissions can contribute to global damages even when emitted in the United States
because these emissions can disperse widely throughout the atmosphere, and (2) these
emissions generally remain in the atmosphere for years, causing subsequent long-term
damages. While Circular A-4 states that agencies should generally estimate domestic
benefits and costs of regulations, it also provides latitude to include global economic
effects resulting from regulations when relevant and states that such effects should be
reported separately and in addition to domestic effects.

15Energy Conservation Program: Energy Conservation Standards for Refrigerated Bottled
or Canned Beverage Vending Machines, 74 Fed. Reg. 44,914 (Aug. 31, 2009).

®The working group calculated five interim estimates of the social cost of carbon using
different discount rate scenarios and referred to $19—the middle of the five estimates—as
the “central value.”

17Energy Conservation Program: Energy Conservation Standards for Small Electric
Motors, 75 Fed. Reg. 10,874 (Mar. 9, 2010).
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Support Document states that the working group agreed to regularly
update the social cost of carbon estimates as the research underlying the
estimates evolves. In June 2013, after using the 2010 estimates in an
earlier proposal of the rule, the Department of Energy’s final rule on
energy standards for microwaves was the first regulatory action to
incorporate the revised estimates developed by the working group in the
2013 update to the Technical Support Document.'® Table 1 shows the
central values for the range of 2010 and 2013 social cost of carbon
estimates for carbon emissions occurring in selected years.

|
Table 1: Central Values for the Social Cost of Carbon Estimates Issued by the
Interagency Working Group on Social Cost of Carbon in 2010 and 2013

Dollars are 2007 dollars per metric ton of carbon dioxide

Year 2010 central values 2013 central values
2010 $21 $32
2020 26 43
2030 33 52
2040 39 61
2050 $45 $71

Source: Interagency Working Group on Social Cost of Carbon’s Technical Support Document and 2013 update. | GAO-14-663

Note: The Technical Support Document states that the working group calculated the social cost of
carbon for emissions occurring in multiple future years to cover the time horizons anticipated for
upcoming regulatory analysis. When the benefits and costs of a regulatory action will occur in the
future, agencies must determine the present value of future benefits and costs by applying an
appropriate discount rate—the interest rate used to convert benefits and costs occurring in different
periods to a common present value. According to the Technical Support Document, the social cost of
carbon estimates increase over time because future emissions are expected to produce larger
incremental damages as the environment and the economy become more stressed in response to
greater climate change. The working group selected four values of the social cost of carbon for
regulatory analysis. The first three values are based on the average of estimates calculated at
discount rates of 2.5 percent, 3 percent, and 5 percent, and the fourth value was included to
represent higher-than-expected economic impacts at the 3 percent discount rate. The Technical
Support Document refers to the average of estimates calculated at the 3 percent discount rate as the
“central value” of the social cost of carbon and states that agencies should consider all four values
when conducting regulatory analyses.

Appendix | lists regulatory actions from 2008 to 2014 and the type of
social cost of carbon estimates (i.e., individually developed, interim, 2010,
or 2013) incorporated in the actions’ regulatory analyses.

18Energy Conservation Program: Energy Conservation Standards for Standby Mode and
Off Mode for Microwave Ovens, 78 Fed. Reg. 36,316 (June 17, 2013).
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According to the Technical Support Document and participants we
interviewed, the working group consisted of participants representing six
EOP offices and six federal agencies and was convened under Executive
Order 12866. The working group’s processes and methods for developing
the estimates reflected three key principles. Specifically, according to
participants, the working group (1) used consensus-based decision
making; (2) relied largely on existing academic literature and models,
including technical assistance from outside resources; and (3) took steps
to disclose limitations and incorporate new information by considering
public comments and revising the estimates as updated research became
available.

Participating Entities

According to the Technical Support Document and participants we spoke
with, OMB and the Council of Economic Advisers convened and led the
working group, and four other EOP offices and six federal agencies
actively participated in the group. According to several participants, the
participating EOP offices included the relevant subject-matter experts to
best contribute on behalf of the EOP,'® and the other participating
agencies were those likely to conduct rulemakings affecting carbon
emissions and, therefore, use the social cost of carbon estimates in the
future. For example, EPA and the Department of Energy have issued
numerous rules using the social cost of carbon estimates (see app. I).

OMB staff and EPA officials told us that OMB and the Council of
Economic Advisers decided which EOP offices and federal agencies to
invite to participate in the working group and, according to participants we
interviewed from several agencies, each agency that chose to participate
decided which of its internal offices would send representatives. OMB
staff stated that any federal agency was welcome to participate in the
working group, and EPA officials told us that at least two invited agencies
declined to participate. OMB staff recalled that the working group
generally included up to several participants from each participating office
and agency and numbered approximately two dozen participants in total.

we previously reported that four of these EOP offices—the Council on Environmental
Quality, Office of Energy and Climate Change, OMB, and Office of Science and
Technology Policy—provide high-level policy direction for federal climate change
programs and activities and commonly lead formal and informal interagency initiatives on
related issues. See GAO, Climate Change: Improvements Needed to Clarify National
Priorities and Better Align Them with Federal Funding Decisions, GAO-11-317
(Washington, D.C.: May 20, 2011).
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Table 2 lists the 12 participating offices and agencies, along with the
internal offices they sent to represent them on the working group.

___________________________________________________________________________________________________________________|
Table 2: Offices and Agencies Participating in the Interagency Working Group on Social Cost of Carbon to Develop the 2010
and 2013 Social Cost of Carbon Estimates

Participating office or agency 2010 estimates 2013 estimates

Executive Office of the President

Council of Economic Advisers® X X

Council on Environmental Quality X X

National Economic Council X X

Office of Energy and Climate Changeb X X

Office of Management and Budget® X X

Office of Information and Regulatory Affairs

Office of Science and Technology Policy X X

Federal agencies

Department of Agriculture

«  Office of the Chief Economist X X

Department of Commerce®

. International Trade Administration, Office of X
Competition and Economic Analysisd

. National Oceanic and Atmospheric Administration, X
National Marine Fisheries Service®

Department of Energyf

.  Office of Climate Change Policy and Technology® X X

Department of Transportation

« Office of the Secretary X X

« Volpe, The National Transportation Systems Center X

Department of the Treasury

«  Office of Economic Policy X

. Office of International Affairs, Office of Environment X X
and Energy

Environmental Protection Agency

. Office of Air and Radiation, Office of Atmospheric X X
Programs

. Office of Policy, National Center for Environmental X X
Economics

Source: GAO analysis of information provided by the Office of Management and Budget, Environmental Protection Agency, and Departments of Agriculture, Commerce, Energy, Transportation, and the
Treasury. | GAO-14-663

®The Council of Economic Advisers and the Office of Management and Budget convened and led the
working group to develop the 2010 and 2013 estimates.

®In March 2011, the Office of Energy and Climate Change joined the Domestic Policy Council.
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°An official from the Department of Commerce’s Economics and Statistics Administration told us that
he attended two working group meetings as an observer during the development of the 2013
estimates, but that he did not review any materials produced by the group or otherwise contribute to
the development of the estimates.

The International Trade Administration’s Office of Competition and Economic Analysis is now known
as the Office of Trade and Economic Analysis.

°An official from the Department of Commerce’s National Oceanic and Atmospheric Administration
told us that she participated in the working group to develop the 2010 estimates while serving on
detail to the Office of Science and Technology Policy.

'A former Administrator of the Energy Information Administration told us that he participated as a
technical advisor to the working group to develop the 2010 estimates and not as a representative of
the Department of Energy. Participants told us that the Energy Information Administration also sent a
representative to some working group meetings as an observer during the development of the 2013
estimates.

9The Office of Climate Change Policy and Technology is now known as the Office of Climate,
Environment, and Efficiency.

In establishing the working group, several participants told us that OMB
and the Council of Economic Advisers made efforts to ensure that the
group’s members, collectively, brought the necessary technical expertise
for developing social cost of carbon estimates. For example, according to
these participants and EPA documentation, participants from the EOP
offices included individuals with expertise in pertinent topics, such as
economics and climate science. The former Deputy Assistant Secretary
for Environment and Energy at the Department of the Treasury stated that
he was invited to participate in the working group because of his prior
experience researching ways to discount costs and benefits across
generations. In addition, the former Administrator of the Energy
Information Administration told us that he was asked to participate, in
part, based on his previous experience evaluating climate models while
conducting research with the National Academy of Sciences. According to
an OMB staff member, the six participating federal agencies were also
responsible for ensuring that they provided adequate technical expertise
to the working group. Agency representatives included environmental
economists and climate scientists, among other key professionals.
According to EPA documentation, participants from EPA also provided
technical expertise in climate science, economics, and academic
modeling to the broader group, as needed.

When the working group reconvened in 2013 to update the estimates, the
same EOP offices and agencies generally participated, although some of
the individuals participating on behalf of offices or agencies changed, in
part due to individuals changing positions or leaving the government
altogether. Also, some participants who previously had been serving
details at other participating agencies had returned to their home
agencies. For example, certain participants who were on detail to the

10
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Council of Economic Advisers during the development of the 2010
Technical Support Document instead represented EPA on the working
group during the development of the 2013 update.

According to the Technical Support Document, the working group was
convened under the broad direction of Executive Order 12866 for
agencies to assess the costs and benefits of intended regulations.?° In
addition, participants from several agencies told us that the executive
order was the key requirement driving the working group’s effort to
develop social cost of carbon estimates. OMB staff stated that, while
there is no single requirement or other approach for convening
interagency working groups, it is appropriate for OMB to form interagency
working groups to collaborate on policy or analytic needs identified under
Executive Order 12866. These OMB staff members said that, instead of
being organized under a written agreement or other requirements, the
working group was an informal interagency working group with no charter
or other convening document. According to OMB staff, there was no
requirement that the informal working group should document its activities
or proceedings, including the meetings held or specific discussions that
occurred at each. However, OMB staff and EPA officials stated that all
major issues discussed during working group meetings are documented
in the Technical Support Document and its 2013 update, which is
consistent with the control activities standard in the federal standards for
internal control.2! We have also reported that interagency working groups
use a variety of mechanisms to implement interagency collaborative
efforts, including temporary working groups,? and that not all
collaborative arrangements, particularly those that are informal, need to
be documented through written guidance and agreements.?

2The 2013 update to the Technical Support Document adds that Executive Order 13563,
issued after the working group developed the 2010 social cost of carbon estimates,
commits the administration to regulatory decision making based on the best available
science.

21GAO, Standards for Internal Control in the Federal Government, GAO/AIMD-00-21.3.1
(Washington, D.C.: November 1999).

2GA0, GAO-11-317; Managing for Results: Key Considerations for Implementing
Interagency Collaborative Mechanisms, GAO-12-1022 (Washington, D.C.: Sept. 27,
2012); and Managing for Results: Implementation Approaches Used to Enhance
Collaboration in Interagency Groups, GAO-14-220 (Washington, D.C.: Feb. 14, 2014).

2GA0-12-1022.

1"
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Processes and Methods

Used Consensus-Based
Decision Making

Participants told us that the working group’s processes and methods
reflected three key principles. First, the group used consensus-based
decision making. Second, the group relied largely on existing academic
literature and models, including technical assistance from outside
resources. Third, the group took steps to disclose limitations and
incorporate new information by considering public comments and revising
the estimates as updated research became available.

All of the participants we spoke with said that the working group used a
consensus-based approach for making key decisions on developing the
social cost of carbon estimates. Most participants said that the working
group’s overall approach was open and collegial, and that participants
had many opportunities to make contributions and raise issues for
discussion that were important to them.

OMB staff stated that the working group did not assign roles or
responsibilities, and many participants told us that different working group
participants and agencies volunteered to take responsibility for various
aspects of the development of the estimates that fell within their particular
areas of expertise. For example, OMB staff stated that, while OMB and
the Council of Economic Advisers were the official leaders of the working
group meetings, all EOP offices that participated played a large role
during the meetings, and discussions were informal. According to these
staff and other officials we spoke with, participants could generally
choose the extent of their involvement, and all participants’ contributions
were considered equally.

According to many participants, the Council of Economic Advisers
coordinated drafting the Technical Support Document, including gathering
feedback from working group members. Specifically, they told us that,
following the meetings, officials from the Council of Economic Advisers
summarized the group discussions to include in the latest draft of the
Technical Support Document and circulated draft sections of the
Technical Support Document for the working group to review. For
example, a participant told us that he raised concerns about whether the
Technical Support Document provided adequate information on domestic
measures of the social cost of carbon. The participant said that, in
response to this feedback, the working group decided to include a
separate discussion in the Technical Support Document on estimating
domestic benefits and costs. The Technical Support Document states that
reported domestic effects should be calculated using a range of values
from 7 to 23 percent of the global measure of the social cost of carbon,
although it cautions that these values are approximate, provisional, and

12
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highly speculative due to limited evidence. None of the participants we
spoke with expressed concerns about how their contributions were
incorporated into the final Technical Support Document. The participants
generally stated that they were satisfied that the final Technical Support
Document successfully addressed individual comments on the draft
version and the overall consensus of the working group and its
participating offices and agencies.

The Technical Support Document states that the main objective of the
working group was to develop a range of estimates of the social cost of
carbon using a defensible set of modeling inputs based on existing
academic literature. Many participants confirmed that the working group
relied largely on existing academic literature and models to develop its
estimates. According to the Technical Support Document and many
participants we spoke with, the working group calculated its estimates
using three models that integrate climate and economic data into a single
modeling framework for estimating future economic effects resulting from
climate change.?* In general, each model translates carbon dioxide
emissions scenarios into changes in greenhouse gas concentrations in
the atmosphere, greenhouse gas concentrations in the atmosphere into
temperature changes, and temperature changes into net economic
effects (i.e., damages and benefits). However, each model uses its own
methods to estimate these effects. The Technical Support Document
states that the three models are frequently cited in peer-reviewed
literature. They have also been used in climate assessments by the
Intergovernmental Panel on Climate Change—an organization within the
United Nations that assesses scientific, technical, and economic
information on the effects of climate change. In addition, the National
Research Council of the National Academies recognized these three
models as three of the most widely used models of their kind.?®

Many participants told us that the working group spent most of its meeting
time reviewing and discussing academic literature to help decide on

2The three models are Dynamic Integrated Climate and Economy (DICE), Climate
Framework for Uncertainty, Negotiation, and Distribution (FUND), and Policy Analysis of
the Greenhouse Effect (PAGE). They were first developed in the early 1990s by
researchers acknowledged as leaders in their field and are updated regularly based on
new developments in climate and economic research.

2SNational Research Council, Hidden Costs of Energy: Unpriced Consequences of Energy
Production and Use (Washington, D.C.: National Academies Press, 2010).

13



Dr. Stephen Polasky Direct Testimony

Clean Energy Organizations

PUC Docket No. E-999/CI-14-642 Schedule 4
OAH Docket No. 80-2500-31888 Exhibit

values for three key modeling inputs to run in each model. The key
modeling inputs the working group selected were based on data from
prevalent research organizations, such as the Stanford Energy Modeling
Forum, and reflected the wide uncertainty in the academic literature,
according to the Technical Support Document.?® These inputs were as
follows:

« scenarios for future population and economic growth (i.e., gross
domestic product) and carbon dioxide emissions,

« a measure of the climate’s responsiveness to increased
concentrations of greenhouse gases in the atmosphere—known as
equilibrium climate sensitivity,?” and

« discount rates.

Several participants told us that different meetings focused on different
modeling inputs and included technical presentations by participants with
expertise in each technical area. For example, due to their previous
experience working with the models, EPA officials made presentations on
how each model works. OMB staff stated that the technical presentations
focused on the academic materials cited in the Technical Support
Document, including dozens of peer-reviewed journal articles. They also
said that all technical decisions discussed in the Technical Support
Document were arrived at by consensus through this process. Several
participants said that a significant amount of the group’s discussions
focused on selecting discount rates that best reflect the most current
academic literature, while also comporting with OMB’s guidance in
Circular A-4. The Technical Support Document cites guidance from
Circular A-4 in its discussion of many technical topics, including its
selection of discount rates. It states that the discount rate (i.e., 3 percent)
used to calculate the central value of the social cost of carbon estimates
is consistent with Circular A-4 guidance. Some working group participants
told us that they recognized the importance of using OMB guidance,
including Circular A-4, in developing the Technical Support Document.
The Technical Support Document states that the working group decided

26The Stanford Energy Modeling Forum is an international forum for sharing and
facilitating discussions on energy policy and global climate issues among researchers.

27Equilibrium climate sensitivity is the long-term increase in the annual global-average
surface temperature from a sustained doubling of the concentration of carbon dioxide in
the atmosphere relative to preindustrial levels of the concentration of carbon dioxide in the
atmosphere.
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to calculate estimates for several discount rates (2.5, 3, and 5 percent)
because the academic literature shows that the social cost of carbon is
highly sensitive to the discount rate chosen, and because no consensus
exists on the appropriate rate. It further states that, in light of such
uncertainties, the working group determined that these three discount
rates reflect reasonable judgments about the appropriate rate to use.
Several participants stated that the working group chose this approach to
capture varied concerns and interests, including participants’ respective
knowledge of the academic literature, on selecting the discount rate.

Once the working group agreed on these modeling inputs, EPA officials
supervised their use in running the models to calculate the social cost of
carbon estimates. All other model assumptions and features were
unchanged by the working group, which weighted each model equally to
calculate the final estimates. Several participants stated that an important
principle for the leaders of the working group was that the working group
reach consensus on the modeling inputs before running the models and
agree, in advance, to accept the results based on the inputs selected,
whatever the outcome. Through this approach, the working group
developed a set of four social cost of carbon estimates for use in
regulatory impact analyses. The first three values are based on the
average of the estimates produced by all three models and selected
modeling inputs at the three discount rates chosen. The fourth value was
included to represent higher-than-expected economic impacts from
climate change, and it is based on an average of certain values produced
by each model at a 3 percent discount rate.?® To capture uncertainties
involved in regulatory impact analysis, the Technical Support Document
emphasizes the importance of agencies considering all four estimates
when conducting analyses.

According to EPA documentation and several participants, groups from
outside the federal government did not participate in the working group,
but the working group used some outside resources, specifically technical
assistance. As noted in the Technical Support Document, the working
group explored technical literature in relevant fields for developing the
social cost of carbon estimates. Members of the working group

28According to the Technical Support Document, the working group determined the fourth
value by combining the values appearing at the furthest reaches of the distributions
produced by each model. For this purpose, the working group used values produced from
all three models for the 95th percentile at a 3 percent discount rate.
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sometimes contacted researchers or developers of key data in an effort to
ensure that the working group had a clear understanding of the
information and how to use it. For example, according to several
participants, members of the working group consulted with lead authors of
a chapter on climate sensitivity that appears in the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change.?® According to
the Technical Support Document, after consulting with the chapter
authors, the working group was able to make some decisions to assist
with statistical analyses needed to develop the social cost of carbon
estimates. Many participants stated that the working group also consulted
with the developers of the models used by the group to develop the
estimates. For example, EPA officials told us that, while they conducted
runs for one model that was readily available to the public, they spent a
few days training with the developer of a second model before using it to
conduct runs. They also contracted with the developer of a third model to
run the model according to the decisions reached by the working group.
They stated that they ran all of the 2013 estimates themselves, but that
they continued to consult with the model developers to do so.

According to many participants and the 2013 update to the Technical
Support Document, the only changes made to the models used for the
2013 revisions were those that the model developers incorporated into
the latest versions of the models and that were subsequently used in
peer-reviewed academic literature. Specifically, the developers updated
the academic models to reflect new scientific information, such as in sea
level rise and associated damages, resulting in higher estimates.*® The
working group did not make changes in the modeling inputs that it used

29Intergovernmental Panel on Climate Change, Climate Change 2007: The Physical
Science Basis. Contribution of Working Group | to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change (S. Solomon, et al. [eds.])(Cambridge, UK:
Cambridge University Press, 2007).

30This new scientific information included an explicit representation of sea level rise and
associated damages, updated climate change adaptation assumptions, and updated
damage functions for agricultural impacts.

16



PUC Docket No. E-999/CI-14-642
OAH Docket No. 80-2500-31888

Took Steps to Disclose
Limitations and Incorporate
New Information

Dr. Stephen Polasky Direct Testimony
Clean Energy Organizations
Schedule 4

Exhibit

for the 2010 estimates.3! Several participants said that, while the original
working group included frequent, hours-long meetings over several
months, the working group assembled to discuss the 2013 revisions only
met a few times. According to the 2010 Technical Support Document, the
working group is committed to updating its estimates as the science and
economic understanding of climate change and its impacts on society
improve over time.

According to several participants and the Technical Support Document,
the working group’s processes and methods took steps to disclose
limitations and incorporate new information by considering public
comments and revising the estimates as updated economic and scientific
research became available. The Technical Support Document discusses
several limitations of its estimates and areas that the working group
identified as being in particular need of additional exploration and
research. For example, it points out that none of the three models
accounts for damages from wildlife loss or ocean acidification caused by
carbon dioxide emissions. Also, the models cannot completely predict
how technology may adapt to warmer temperatures. In addition,
according to the Technical Support Document, the models may not fully
consider the effects of damages due to potential catastrophic events,
such as the melting of Antarctic ice sheets. As a result of such limitations,
the models may underestimate damages from increased carbon
emissions, according to the Technical Support Document. The Technical
Support Document states that, as a result of these limitations, the social
cost of carbon estimates should continue to evolve as knowledge is
gained, and available models improve. Some of the participating agencies
have incorporated discussions of these limitations into regulatory impact
analyses using social cost of carbon estimates. For example, in a 2012
rule setting pollution standards for certain power plants, EPA noted that

31In January 2014, a former coleader of the working group discussed some of the reasons
behind this approach in a presentation before the annual meeting of the American
Economic Association, a leading economic interest group. See Cass Sunstein, “On Not
Revisiting Official Discount Rates: Institutional Inertia and the Social Cost of Carbon”
(paper presented at the annual meeting of the American Economic Association,
Philadelphia, PA, Jan. 3, 2014). In 2013, another former coleader of the working group
published a paper detailing the working group’s methodology. See Greenstone, Michael et
al., “Developing a Social Cost of Carbon for U.S. Regulatory Analysis: A Methodology and
Interpretation,” Review of Environmental Economics and Policy 7, no. 1: 23-46 (2013).
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the social cost of carbon estimates are subject to limitations and
uncertainties.*

Over the years, there have been opportunities for public comment on the
various individually developed and working group estimates of the social
cost of carbon for regulatory impact analysis, and several participants
stated that these estimates were developed with input from the public.
Since 2008, agencies have published over three dozen regulatory actions
for public comment in the Federal Register that use various social cost of
carbon estimates in regulatory impact analyses. While some of them
specifically sought comments on the development of the social cost of
carbon estimates used, and others did not, these regulatory actions were
open to public comment, in general, for approximately 60 days and,
according to OMB staff and other participants, agencies received many
comments on the estimates through this process. Several participants
stated that, while they discussed such public comments during working
group meetings, individual agencies typically do not coordinate formally
with other agencies on their reviews of comments received. According to
the Technical Support Document, the working group convened, in part, to
consider public comments on issues related to the social cost of carbon.
After considering public comments on the interim values that agencies
used in several rules, the working group developed the Technical Support
Document, according to these participants and to the Technical Support
Document. Several participants told us that the working group decided to
revise the estimates for the first time in 2013 after agencies received a
number of public comments encouraging revisions because the models
used to develop the 2010 estimates had been subsequently updated and
used in peer-reviewed academic literature. OMB staff stated that this
theme was reflected in several public comments on regulations using the
2010 estimates.

In November 2013, OMB published a request in the Federal Register for
public comments on all aspects of the Technical Support Document and

32National Emission Standards for Hazardous Air Pollutants From Coal- and Oil-Fired
Electric Utility Steam Generating Units and Standards of Performance for Fossil-Fuel-
Fired Electric Utility, Industrial-Commercial-Institutional, and Small Industrial-Commercial-
Institutional Steam Generating Units, 77 Fed. Reg. 9304 (Feb. 16, 2012).
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its use of the models to develop estimates of the social cost of carbon.33
The notice stated that OMB is particularly interested in comments on the
selection of the models for use in developing the estimates, how the
distribution of estimates should be represented in regulatory impact
analyses, and the strengths and limitations of the overall approach. OMB
staff told us that they decided to issue the request in response to calls for
additional transparency, and that they received over 100 unique
comments and thousands of identical form-letter comments in response
to the request. They said that, since they were still reviewing the
comments received, they had not yet decided on steps for responding to
them, but that they expect to review them with the working group to
determine whether they could inform future updates to the Technical
Support Document. OMB staff stated that they have already made most
of the comments publicly available online at http://www.regulations.gov/
and that all of the comments would be made available soon.

The Technical Support Document states that the working group would
regularly revisit the social cost of carbon estimates as new information
becomes available due to improved scientific and economic research.
The Technical Support Document set a goal of revisiting the estimates
within 2 years, or when substantially updated models become available.
Many participants told us that, to revise the estimates in 2013, the
working group met only a few times and mostly for participants from EPA
to present information about updates made to the models since the group
last met in 2010. The updates touched on a variety of issues, including
how some models represent damages from sea level rise. The 2013
update to the Technical Support Document states that it acknowledges
the continued limitations described in the original Technical Support
Document, and that it updates the estimates based on new versions of
the underlying models without revisiting the working group’s decisions on
modeling inputs. Several participants stated that they reviewed drafts of
the 2013 update to the Technical Support Document, but that there was
little new information to review because only the models had been
updated. In addition to stating that the working group would regularly

33Technical Support Document: Technical Update of the Social Cost of Carbon for
Regulatory Impact Analysis under Executive Order No. 12866, 78 Fed. Reg. 70,586 (Nov.
26, 2013). In January 2014, OMB extended the public comment period through February
26, 2014. See Technical Support Document: Technical Update of the Social Cost of
Carbon for Regulatory Impact Analysis Under Executive Order No. 12866, 79 Fed. Reg.
4359 (Jan. 27, 2014).
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revisit its estimates, the Technical Support Document states that the
working group will continue to support research to improve the estimates
and hopes to develop methods to value other greenhouse gases as part
of its ongoing work.34

We provided a draft of this report for review and comment to the
Departments of Agriculture, Commerce, Energy, Transportation, and the
Treasury; EPA; and OMB. Only the Department of the Treasury provided
written comments, which we received on July 14, 2014, and are
reproduced in appendix Il; in its written comments, the Department of the
Treasury stated that the draft report does a good job of capturing the
interagency process through which the estimates of the social cost of
carbon were developed. In oral comments provided on July 15, 2014,
OMB staff confirmed that OMB generally agreed with the report findings.
OMB staff also provided technical comments, which we incorporated into
the report, as appropriate. The Department of Energy and EPA provided
technical comments only, which we incorporated into the report, as
appropriate. In e-mails received on July 1, July 9, and July 14, 2014,
respectively, the liaisons from the Departments of Agriculture, Commerce,
and Transportation stated that the departments did not have any
comments on the draft report.

As agreed with your offices, unless you publicly announce the contents of
this report earlier, we plan no further distribution until 30 days from the
report date. At that time, we will send copies to the appropriate
congressional committees; the Secretaries of Agriculture, Commerce,
Energy, Transportation, and the Treasury; the Administrator of EPA; the

34n late 2010 and early 2011, EPA and the Department of Energy sponsored two
workshops on valuing climate change damages for regulatory analysis. The agencies
reported that they sponsored the workshops to prepare for and inform future working
group activities. See ICF International, Workshop Report: Improving the Assessment and
Valuation of Climate Change Impacts for Policy and Regulatory Analysis — Part 1 (January
2011); summary of workshop sponsored by EPA and the Department of Energy and titled
“Modeling Climate Change Impacts and Associated Economic Damages” (Washington,
D.C.: Nov. 18-19, 2010) and Workshop Report: Improving the Assessment and Valuation
of Climate Change Impacts for Policy and Regulatory Analysis — Part 2 (March 2011);
summary of workshop sponsored by EPA and the Department of Energy and titled
“Research on Climate Change Impacts and Associated Economic Damages”
(Washington, D.C., Jan. 27-28, 2011).
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Director of OMB; and other interested parties. In addition, the report will
be available at no charge on the GAO website at http://www.gao.gov.

If you or your staff members have any questions about this report, please
contact me at (202) 512-3841 or gomezj@gao.gov. Contact points for our
Offices of Congressional Relations and Public Affairs may be found on
the last page of this report. Key contributors to this report are listed in
appendix Il

J. Alfredo Gémez
Director, Natural Resources and Environment
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Appendix |: Regulatory Actions, by Agency
and Type of Social Cost of Carbon Estimates

Used, 2008-2014

This appendix lists regulatory actions from 2008 to 2014 and the type of
social cost of carbon estimates used (i.e., individually developed, interim,
2010, or 2013) in the actions’ regulatory impact analyses. For each
regulatory action, table 3 lists the date published in the Federal Register,
the agency conducting the action, the name and status of the rule
associated with the action, and the action’s citation in the Federal

Register.

Table 3: Regulatory Actions, by Agency and Type of Social Cost of Carbon Estimates Used in the Regulatory Impact Analysis,

2008-2014
Federal
Date published in the Register
Federal Register Agency Rule Status of rule citation
Individually developed agency estimates
May 2, 2008 Department of Average Fuel Economy Standards, Proposed 73 Fed. Reg.
Transportation Passenger Cars and Light Trucks; 24,352
(Transportation), National Model Years 2011-2015
Highway Traffic Safety
Administration (NHTSA)
July 30, 2008 Environmental Protection Regulating Greenhouse Gas Advanced Notice of 73 Fed. Reg.
Agency (EPA) Emissions Under the Clean Air Act  Proposed 44,354
Rulemaking
Aug. 25, 2008 Department of Energy Energy Conservation Program for Proposed 73 Fed. Reg.
(Energy) Commercial and Industrial 50,072
Equipment: Energy Conservation
Standards for Commercial Ice-
Cream Freezers; Self-Contained
Commercial Refrigerators,
Commercial Freezers, and
Commercial Refrigerator-Freezers
Without Doors; and Remote
Condensing Commercial
Refrigerators, Commercial Freezers,
and Commercial Refrigerator-
Freezers
Oct. 7, 2008 Energy Energy Conservation Program for Final 73 Fed. Reg.
Commercial and Industrial 58,772

Equipment: Packaged Terminal Air
Conditioner and Packaged Terminal

Heat Pump Energy Conservation
Standards
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Date published in the
Federal Register

Agency

Rule

Status of rule

Federal
Register
citation

Oct. 17, 2008

Energy

Energy Conservation Program:
Energy Conservation Standards for
Certain Consumer Products
(Dishwashers, Dehumidifiers,
Electric and Gas Kitchen Ranges
and Ovens, and Microwave Ovens)
and for Certain Commercial and
Industrial Equipment (Commercial
Clothes Washers)

Proposed

73 Fed. Reg.
62,034

Jan. 9, 2009

Energy

Energy Conservation Program for
Commercial and Industrial
Equipment: Energy Conservation
Standards for Commercial Ice-
Cream Freezers; Self-Contained
Commercial Refrigerators,
Commercial Freezers, and
Commercial Refrigerator-Freezers
Without Doors; and Remote
Condensing Commercial
Refrigerators, Commercial Freezers,
and Commercial Refrigerator-
Freezers

Final

74 Fed. Reg.
1092

Mar. 30, 2009

Transportation, NHTSA

Average Fuel Economy Standards
Passenger Cars and Light Trucks
Model Year 2011

Final

74 Fed. Reg.
14,196

Apr. 8, 2009

Energy

Energy Conservation Program:
Energy Conservation Standards for
Certain Consumer Products
(Dishwashers, Dehumidifiers,
Microwave Ovens, and Electric and
Gas Kitchen Ranges and Ovens)
and for Certain Commercial and
Industrial Equipment (Commercial
Clothes Washers)

Final

74 Fed. Reg.
16,040

Apr. 13, 2009

Energy

Energy Conservation Program:
Energy Conservation Standards for
General Service Fluorescent Lamps
and Incandescent Reflector Lamps

Proposed

74 Fed. Reg.
16,920

May 26, 2009

EPA

Regulation of Fuels and Fuel
Additives: Changes to Renewable
Fuel Standard Program

Proposed

74 Fed. Reg.
24,904

May 29, 2009

Energy

Energy Conservation Program:
Energy Conservation Standards for
Refrigerated Bottled or Canned
Beverage Vending Machines

Proposed

74 Fed. Reg.
26,020
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Federal
Date published in the Register
Federal Register Agency Rule Status of rule citation
July 14, 2009 Energy Energy Conservation Program: Final 74 Fed. Reg.
Energy Conservation Standards and 34,080
Test Procedures for General Service
Fluorescent Lamps and
Incandescent Reflector Lamps
July 22, 2009 Energy Energy Conservation Program for Final 74 Fed. Reg.
Certain Industrial Equipment: Energy 36,312
Conservation Standards and Test
Procedures for Commercial Heating,
Air-Conditioning, and Water-Heating
Equipment
Interim governmentwide estimates
Aug. 31, 2009 Energy Energy Conservation Program: Final 74 Fed. Reg.
Energy Conservation Standards for 44,914
Refrigerated Bottled or Canned
Beverage Vending Machines
Sep. 28, 2009 EPA and Transportation, Proposed Rulemaking to Establish Proposed 74 Fed. Reg.
NHTSA Light-Duty Vehicle Greenhouse Gas 49,454
Emission Standards and Corporate
Average Fuel Economy Standards
Nov. 9, 2009 Energy Energy Conservation Program: Supplemental Notice 74 Fed. Reg.
Energy Conservation Standards for  of Proposed 57,738
Certain Consumer Products Rulemaking
(Dishwashers, Dehumidifiers,
Microwave Ovens, and Electric and
Gas Kitchen Ranges and Ovens)
and for Certain Commercial and
Industrial Equipment (Commercial
Clothes Washers)
Nov. 24, 2009 Energy Energy Conservation Program: Proposed 74 Fed. Reg.
Energy Conservation Standards for 61,410
Small Electric Motors
Dec. 11, 2009 Energy Energy Conservation Program: Proposed 74 Fed. Reg.
Energy Conservation Standards for 65,852
Residential Water Heaters, Direct
Heating Equipment, and Pool
Heaters
Jan. 8, 2010 Energy Energy Conservation Program: Final 75 Fed. Reg.
Energy Conservation Standards for 1122

Certain Consumer Products
(Dishwashers, Dehumidifiers,
Microwave Ovens, and Electric and
Gas Kitchen Ranges and Ovens)
and for Certain Commercial and
Industrial Equipment (Commercial
Clothes Washers)
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Date published in the Register
Federal Register Agency Rule Status of rule citation
Mar. 26, 2010 EPA Regulation of Fuels and Fuel Final 75 Fed. Reg.
Additives: Changes to Renewable 14,670
Fuel Standard Program
June 21, 2010 EPA Hazardous and Solid Waste Proposed 75 Fed. Reg.
Management System; Identification 35,128
and Listing of Special Wastes;
Disposal of Coal Combustion
Residuals From Electric Utilities
2010 governmentwide estimates
Mar. 9, 2010 Energy Energy Conservation Program: Final 75 Fed. Reg.
Energy Conservation Standards for 10,874
Small Electric Motors
Apr. 16, 2010 Energy Energy Conservation Program: Final 75 Fed. Reg.
Energy Conservation Standards for 20,112
Residential Water Heaters, Direct
Heating Equipment, and Pool
Heaters
May 7, 2010 EPA and Transportation, Light Duty Vehicle Greenhouse Gas Final 75 Fed. Reg.
NHTSA Emission Standards and Corporate 25,324
Average Fuel Economy Standards
May 28, 2010 Transportation, Federal Automatic Dependent Surveillance— Final 75 Fed. Reg.
Aviation Administration Broadcast (ADS-B) Out 30,160
Performance Requirements to
Support Air Traffic Control (ATC)
Service
Aug. 2, 2010 EPA Federal Implementation Plans To Proposed 75 Fed. Reg.
Reduce Interstate Transport of Fine 45,210
Particulate Matter and Ozone
Sep. 9, 2010 EPA National Emission Standards for Final 75 Fed. Reg.
Hazardous Air Pollutants from the 54,970
Portland Cement Manufacturing
Industry and Standards of
Performance for Portland Cement
Plants
Oct. 14, 2010 EPA Standards of Performance for New  Proposed 75 Fed. Reg.
Stationary Sources and Emission 63,260
Guidelines for Existing Sources:
Sewage Sludge Incineration Units
Nov. 30, 2010 EPA and Transportation, Greenhouse Gas Emissions Proposed 75 Fed. Reg.
NHTSA Standards and Fuel Efficiency 74,152

Standards for Medium- and Heavy-
Duty Engines and Vehicles
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Date published in the Register

Federal Register Agency Rule Status of rule citation

Mar. 14, 2011 EPA National Emission Standards for Supplemental 76 Fed. Reg.
Hazardous Air Pollutants: Mercury ~ Proposed Rule 13,852
Emissions from Mercury Cell Chlor-
Alkali Plants

Mar. 21, 2011 EPA Standards of Performance for New  Final 76 Fed. Reg.
Stationary Sources and Emission 15,372
Guidelines for Existing Sources:
Sewage Sludge Incineration Units

Mar. 21, 2011 EPA National Emission Standards for Final 76 Fed. Reg.
Hazardous Air Pollutants for Major 15,608
Sources: Industrial, Commercial,
and Institutional Boilers and Process
Heaters

Apr. 11, 2011 Energy Energy Conservation Program: Proposed 76 Fed. Reg.
Energy Conservation Standards for 20,090
Fluorescent Lamp Ballasts

Apr. 21, 2011 Energy Energy Conservation Program: Direct Final 76 Fed. Reg.
Energy Conservation Standards for 22,454
Residential Clothes Dryers and
Room Air Conditioners

June 27, 2011 Energy Energy Conservation Program: Direct Final 76 Fed. Reg.
Energy Conservation Standards for 37,408
Residential Furnaces and
Residential Central Air Conditioners
and Heat Pumps

Aug. 8, 2011 EPA Federal Implementation Plans: Final 76 Fed. Reg.
Interstate Transport of Fine 48,208
Particulate Matter and Ozone and
Correction of SIP Approvals®

Sep. 15, 2011 EPA and Transportation, Greenhouse Gas Emissions Final 76 Fed. Reg.

NHTSA Standards and Fuel Efficiency 57,106

Standards for Medium- and Heavy-
Duty Engines and Vehicles

Sep. 15, 2011 Energy Energy Conservation Program: Final 76 Fed. Reg.
Energy Conservation Standards for 57,516
Residential Refrigerators,
Refrigerator-Freezers, and Freezers

Nov. 14, 2011 Energy Energy Conservation Program: Final 76 Fed. Reg.
Energy Conservation Standards for 70,548
Fluorescent Lamp Ballasts

Dec. 1, 2011 EPA and Transportation, 2017 and Later Model Year Light- Proposed 76 Fed. Reg.

NHTSA Duty Vehicle Greenhouse Gas 74,854

Emissions and Corporate Average
Fuel Economy Standards
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Dec. 23, 2011 EPA Commercial and Industrial Solid Proposed 76 Fed. Reg.
Waste Incineration Units: 80,452
Reconsideration and Proposed
Amendments; Non-Hazardous
Secondary Materials That Are Solid
Waste
Jan. 17,2012 Energy Energy Conservation Program for Proposed 77 Fed. Reg.
Certain Industrial Equipment: Energy 2356
Conservation Standards and Test
Procedures for Commercial Heating,
Air-Conditioning, and Water-Heating
Equipment
Feb. 10, 2012 Energy Energy Conservation Program: Proposed 77 Fed. Reg.
Energy Conservation Standards for 7282
Distribution Transformers
Feb. 14, 2012 Energy Energy Conservation Program: Supplemental Notice 77 Fed. Reg.
Energy Conservation Standards for  of Proposed 8526
Standby Mode and Off Mode for Rulemaking
Microwaves
Feb. 16, 2012 EPA National Emission Standards for Final 77 Fed. Reg.
Hazardous Air Pollutants from Coal- 9304
and Oil-Fired Electric Utility Steam
Generating Units and Standards of
Performance for Fossil-Fuel-Fired
Electric Utility, Industrial-
Commercial-Institutional, and Small
Industrial-Commercial-Institutional
Steam Generating Units
Mar. 27, 2012 Energy Energy Conservation Program: Proposed 77 Fed. Reg.
Energy Conservation Standards for 18,478
Battery Chargers and External
Power Supplies
Apr. 13, 2012 EPA Standards of Performance for Proposed 77 Fed. Reg.
Greenhouse Gas Emissions for New 22,392
Stationary Sources: Electric Utility
Generating Units
May 30, 2012 Energy Energy Conservation Program: Direct Final 77 Fed. Reg.
Energy Conservation Standards for 31,918
Residential Dishwashers
May 31, 2012 Energy Energy Conservation Program: Direct Final 77 Fed. Reg.
Energy Conservation Standards for 32,308
Residential Clothes Washers
Oct. 15, 2012 EPA and Transportation, 2017 and Later Model Year Light- Final 77 Fed. Reg.
NHTSA Duty Vehicle Greenhouse Gas 62,624

Emissions and Corporate Average
Fuel Economy Standards
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Apr. 18, 2013 Energy Energy Conservation Program: Final 78 Fed. Reg.
Energy Conservation Standards for 23,336
Distribution Transformers

June 7, 2013 EPA Effluent Limitations Guidelines and Proposed 78 Fed. Reg.
Standards for the Steam Electric 34,432
Power Generating Point Source
Category

2013 revised governmentwide estimates

June 17, 2013 Energy Energy Conservation Program: Final 78 Fed. Reg.
Energy Conservation Standards for 36,316
Standby Mode and Off Mode for
Microwave Ovens

Aug. 20, 2013 Energy Energy Conservation Program: Proposed 78 Fed. Reg.
Energy Conservation Standards for 51,464
Metal Halide Lamp Fixtures

Sep. 11,2013 Energy Energy Conservation Program: Proposed 78 Fed. Reg.
Energy Conservation Standards for 55,782
Walk-In Coolers and Freezers

Sep. 11,2013 Energy Energy Conservation Program: Proposed 78 Fed. Reg.
Energy Conservation Standards for 55,890
Commercial Refrigeration
Equipment

Oct. 25, 2013 Energy Energy Conservation Program for Proposed 78 Fed. Reg.
Consumer Products: Energy 64,068
Conservation Standards for
Residential Furnace Fans

Dec. 6, 2013 Energy Energy Conservation Program: Proposed 78 Fed. Reg.
Energy Conservation Standards for 73,590
Commercial and Industrial Electric
Motors

Jan. 8, 2014 EPA Standards of Performance for Proposed 79 Fed. Reg.
Greenhouse Gas Emissions from 1430
New Stationary Sources: Electric
Utility Generating Units

Feb. 10, 2014 Energy Energy Conservation Program: Final 79 Fed. Reg.
Energy Conservation Standards for 7746
Metal Halide Lamp Fixtures

Feb. 10, 2014 Energy Energy Conservation Program: Final 79 Fed. Reg.
Energy Conservation Standards for 7846
External Power Supplies

Mar. 4, 2014 Energy Energy Conservation Program: Proposed 79 Fed. Reg.
Energy Conservation Standards for 12,302

Commercial Clothes Washers
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Date published in the Register
Federal Register Agency Rule Status of rule citation
Mar. 17, 2014 Energy Energy Conservation Program: Proposed 79 Fed. Reg.
Energy Conservation Standards for 14,846
Automatic Commercial Ice Makers
Mar. 28, 2014 Energy Energy Conservation Program: Final 79 Fed. Reg.
Energy Conservation Standards for 17,726
Commercial Refrigeration
Equipment
Apr. 29, 2014 Energy Energy Conservation Program: Proposed 79 Fed. Reg.
Energy Conservation Standards for 24,068

General Service Fluorescent Lamps
and Incandescent Reflector Lamps

May 29, 2014 Energy Energy Conservation Program: Final 79 Fed. Reg.
Energy Conservation Standards for 30,934
Commercial and Industrial Electric
Motors

June 3, 2014 Energy Energy Conservation Program: Final 79 Fed. Reg.
Energy Conservation Standards for 32,050
Walk-In Coolers and Freezers

June 18, 2014 EPA Carbon Pollution Emission Proposed 79 Fed. Reg.
Guidelines for Existing Stationary 34,830
Sources: Electric Utility Generating
Units

Sources: Environmental Protection Agency and Federal Register. | GAO-14-663
Notes:
Regulatory actions in this table are as of June 18, 2014.

In 2008 and early 2009, individual estimates of the social cost of carbon were developed by each
agency and typically based on estimates published in academic literature. The interim
governmentwide estimates were developed in early 2009 by the Interagency Working Group on
Social Cost of Carbon and derived from an average of selected estimates published in academic
literature. The 2010 governmentwide estimates were developed by the Interagency Working Group
on Social Cost of Carbon and issued in its February 2010 Technical Support Document. The 2013
revised governmentwide estimates were developed by the Interagency Working Group on Social Cost
of Carbon and issued in a May 2013 update to the Technical Support Document, which was reissued
with minor technical corrections in November 2013.

SIP refers to State Implementation Plan.
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Appendix |[I: Comments from the Department
of the Treasury

DEPARTMENT OF THE TREASURY
WASHINGTON, D.C.

JUi 14 20
TO: Director J. Alfredo Gomez, Government Accountability Office

FROM: Leonardo Martinez-Diaz, Deputy Assistant Secretary for Energy and
Environment

RE: Draft report on Development of Social Cost of Carbon Estimate (361544)

Dear Director Gomez,

Thank you for the opportunity to review the draft report on the Development of the Social Cost
of Carbon Estimates (361544). The report does a good job of capturing the interagency process
through which the estimates of the social cost of earbon were developed. We have no further
commerts on the draft.

Since@i
i
!

Leomadb Martinez-Diaz
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Appendix lll: GAO Contact and Staff
Acknowledgments

GAO Contact J. Alfredo Gomez, (202) 512-3841, or gomezj@gao.gov

Staff In addition to the individual named above, Janet Frisch (Assistant
Director), Elizabeth Beardsley, Stephanie Gaines, Cindy Gilbert, Chad M.

Acknowledgments Gorman, Tim Guinane, Patricia Moye, Susan Offutt, Alison O’Neill, and

Kiki Theodoropoulos made key contributions to this report.

(361544)
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The Government Accountability Office, the audit, evaluation, and
investigative arm of Congress, exists to support Congress in meeting its
constitutional responsibilities and to help improve the performance and
accountability of the federal government for the American people. GAO
examines the use of public funds; evaluates federal programs and
policies; and provides analyses, recommendations, and other assistance
to help Congress make informed oversight, policy, and funding decisions.
GAQ’s commitment to good government is reflected in its core values of
accountability, integrity, and reliability.

The fastest and easiest way to obtain copies of GAO documents at no
cost is through GAO’s website (http://www.gao.gov). Each weekday
afternoon, GAO posts on its website newly released reports, testimony,
and correspondence. To have GAO e-mail you a list of newly posted
products, go to http://www.gao.gov and select “E-mail Updates.”

Order by Phone

Connect with GAO

To Report Fraud,
Waste, and Abuse in
Federal Programs

Congressional
Relations

Public Affairs

The price of each GAO publication reflects GAQO’s actual cost of
production and distribution and depends on the number of pages in the
publication and whether the publication is printed in color or black and
white. Pricing and ordering information is posted on GAO’s website,
http://www.gao.gov/ordering.htm.

Place orders by calling (202) 512-6000, toll free (866) 801-7077, or
TDD (202) 512-2537.

Orders may be paid for using American Express, Discover Card,
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Visit GAO on the web at www.gao.gov.

Contact:
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E-mail: fraudnet@gao.gov
Automated answering system: (800) 424-5454 or (202) 512-7470

Katherine Siggerud, Managing Director, siggerudk@gao.gov, (202) 512-
4400, U.S. Government Accountability Office, 441 G Street NW, Room
7125, Washington, DC 20548

Chuck Young, Managing Director, youngc1@gao.gov, (202) 512-4800
U.S. Government Accountability Office, 441 G Street NW, Room 7149
Washington, DC 20548
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