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I. INTRODUCTION AND QUALIFICATIONS

2

Q.

PLEASE STATE YOUR NAME, OCCUPATION, AND BUSINESS ADDRESS.

3

A.

My name is Anne E. Smith. I am an economist and Senior Vice President at

4

NERA Economic Consulting (“NERA”), a firm of consulting economists. I am one

5

of the Co-Chairs of the firm’s Global Environment Practice. My business address

6

is NERA Economic Consulting, 1225 23rd Street NW, Suite 600, Washington, DC

7

20037.

8
9

Q.

PLEASE DESCRIBE YOUR EDUCATIONAL BACKGROUND.

10

A.

I received my B.A. degree in economics from Duke University in 1977, summa

11

cum laude, and am a member of Phi Beta Kappa. I received my M.A. and Ph.D.

12

degrees in economics from Stanford University in 1981 and 1984, respectively.

13

My graduate studies concentrated in industrial organization, decision sciences,

14

and labor economics. My Ph.D. degree included a minor in Stanford’s

15

Engineering Economic Systems Department (currently known as the Department

16

of Management Science and Engineering), where my training involved

17

mathematical modeling and risk management methods.

18
19

Q.

CAN YOU DESCRIBE YOUR PROFESSIONAL EXPERIENCE?

20

A.

I am an economist, modeler, and decision analyst. Throughout my career, I have

21

focused on environmental policy matters, including climate change, air pollution,

22

and environmental risk management, as well as the costs and benefits of
3
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environmental policies. I joined NERA in 2011. From 1998 until 2011, I was Vice

2

President at Charles River Associates and was leader of their Climate &

3

Sustainability Group when I left to join NERA. From 1984 until 1998, I served in

4

a number of positions with Decision Focus Incorporated (“DFI”), a decision

5

analysis and risk-management consulting firm that merged into DFI-Aeronomics

6

in 1997 (later named Talus Solutions, Inc., then acquired by Manugistics in

7

2001). At the end of my tenure at DFI-Aeronomics, I was Principal, Vice

8

President, and leader of their Environmental Policy Practice. During my time in

9

graduate school from 1979 through 1984, I was also employed at times as a

10

decision analyst at SRI International, and as an independent consultant on

11

environmental policy analysis matters in Europe. I worked as an economist from

12

1977 until 1979 in the Office of Policy Planning and Evaluation at the United

13

States Environmental Protection Agency (“EPA”). My curriculum vitae

14

accompanies this testimony as Exhibit ___ (AES-D-1).

15
16

Q.

17
18

HAVE YOU HELD POSITIONS WITH ANY PROFESSIONAL
ORGANIZATIONS?

A.

19

In 2012, I was elected to the Board of Directors of the Society for Benefit-Cost
Analysis. I served a two-year term on that board in 2013 and 2014.

20
21
22

Q.

CAN YOU DESCRIBE THE TYPES OF MATTERS YOU HAVE ADDRESSED IN
YOUR CAREER?
4
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A.

I am a specialist in integrated assessment to support policy decisions and the

2

analysis of business, market, and economic impacts of regulations. I have

3

conducted numerous analyses of benefits, costs, and macroeconomic impacts of

4

many types of environmental policies, with a particular emphasis in the past

5

twenty-five years on climate change and greenhouse gas policies. I have also

6

studied, analyzed, and written on other environmental topics, including air quality

7

and other emissions standards (e.g., PM2.5, ozone, SO2, NOX, mercury, visibility),

8

contaminated site risk management, and food safety. I have prepared analyses

9

and research papers, and have submitted technical comments on health risk

10

evidence, the link between epidemiological evidence and health benefits

11

estimates, and techniques for addressing uncertainties in evaluating

12

environmental externalities. I have served on several committees of the National

13

Academy of Sciences focusing on risk assessment and risk-based decision

14

making, and on advisory boards of the EPA. I have testified before the U.S.

15

Congress on climate change policy and other environmental issues, and have

16

provided expert testimony in court and before state boards on the costs and

17

benefits associated with environmental policies.

18
19

Q.

20
21
22

CAN YOU PLEASE ELABORATE ON YOUR EXPERIENCE WITH CLIMATE
CHANGE POLICY?

A.

My first paper on climate change was presented at a conference in 1991 and
concerned the design of market-based policies to control greenhouse gas
5
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emissions. Since then, I have authored or co-authored thirteen other published

2

papers or book chapters regarding climate change, and completed many more

3

project reports on various aspects of the topic. My work on climate change has

4

included integrated assessment, climate policy design, economic impact

5

assessment, adaptation strategies, and corporate risk assessment and asset

6

strategy evaluation. My clients on climate issues have included the EPA, other

7

governmental entities, research institutions, non-governmental organizations,

8

trade associations, and individual companies.

9
10

Q.

11
12

WHAT IS YOUR PREVIOUS EXPERIENCE WITH THE INTERAGENCY
WORKING GROUP’S (“IWG”) SOCIAL COST OF CARBON (“SCC”)?

A.

In 2013 and 2014, I led a NERA team, which included Dr. David Harrison and

13

Meredith McPhail, that prepared a study of the damage functions in the

14

integrated assessment models used in creating the IWG’s SCC. The study was

15

prepared for the American Petroleum Institute (“API”) and was submitted to the

16

United States Office of Management and Budget (“OMB”) docket on the Federal

17

SCC with the API’s comments. I also wrote a report for the Utility Air Regulatory

18

Group (“UARG”) and other parties regarding the uncertainties in estimating a

19

social cost of carbon using the IAMs. This report was also submitted to the OMB

20

with the UARG’s comments in the same docket. In late 2014, I prepared a

21

technical assessment of the EPA’s use of the Federal SCC values in its regulatory

22

impact analysis of the Obama Administration’s proposed Clean Power Plan. This
6
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analysis was funded by the Texas Commission on Environmental Quality

2

(“TCEQ”), and TCEQ submitted it to the Clean Power Plan docket with its

3

comments on that rule.

4
5

Q.

6
7

PLEASE PROVIDE YOUR QUALIFICATIONS TO OFFER EXPERT
TESTIMONY ON INTEGRATED ASSESSMENT MODELING.

A.

An Integrated Assessment Model (“IAM”) is a model that combines or “integrates”

8

mathematical models of phenomena that are considered to be, separately, in the

9

domains of the physical sciences, engineering, and economics. As a Ph.D.

10

economist, I have the training and professional experience to review the

11

assumptions and methodologies that relate to inferring societal values from

12

projected impacts from climate change. My graduate training in Stanford

13

University’s engineering-economic systems department and professional

14

experience afterwards qualify me in the methods of projecting future energy

15

market and technology outcomes based on economic fundamentals. Also, in the

16

course of my career, I have prepared multiple integrated assessments,

17

sometimes by developing stand-alone models (i.e., IAMs) that let other users

18

perform policy simulations on their own, and sometimes by facilitating policy

19

evaluation processes involving “soft” linkages of scenario analyses by teams

20

from multiple different disciplines. For example, in the 1980s, I prepared a report

21

describing a plan for integrated assessment of acid rain policy in Europe

22

released by the U.N. Economic Commission for Europe, and later I assisted the
7
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Director of the National Acidic Precipitation Assessment Program (“NAPAP”)

2

implement an integrated assessment process for acid rain policy in the U.S. I

3

was part of a team of decision analysts that developed one of the early IAMs for

4

climate change policy analysis, under contract to the EPA. This IAM was known

5

as the Policy Evaluation Framework or “PEF”. Also during the 1990s, I led the

6

development of the IAM for the Grand Canyon Visibility Transport Commission,

7

and I assisted the Southern Appalachian Mountains Initiative in designing its

8

integrated assessment process for developing a policy to manage visibility and

9

air pollution in southeastern U.S. states.

10
11

Q.

12
13

PLEASE DESCRIBE YOUR EXPERIENCE IN ANALYSIS OF COSTS OF
CLIMATE POLICIES.

A.

Starting in the 1990s, while employed at DFI, I led the development of two

14

engineering-economic models to provide detailed simulation of the most cost-

15

effective paths for controlling carbon emissions. One of these models, which

16

was called Gemini-U.K., was developed for Nuclear Electric PLC to assess the

17

value of nuclear generation in assisting the United Kingdom in meeting its

18

greenhouse targets. The other model -- called Gemini-U.S. -- was developed

19

under contract to the EPA. Later, after joining Charles River Associates, I led

20

multiple projects working with a computable general equilibrium model called

21

MRN to assess the economy-wide costs and economic impacts of alternative

22

possible designs of U.S. climate policies. I used the MRN model to assess the
8
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costs of almost every major proposed Federal bill to legislate carbon limits for the

2

U.S., starting with the McCain-Lieberman Bill in 2003 and ending with the

3

Waxman-Markey Bill in 2009. During that period, my team of modelers also built

4

an engineering-economic model of U.S. electricity supply and demand markets

5

that could be used to assess the integrated impacts of limits on carbon, SO2, NOx,

6

and mercury pollutant emissions limits on the operations and long-term planning

7

of the electricity generation system. We integrated this engineering-economic

8

model with our computable general equilibrium model to create a unique model

9

referred to as MRN-NEEM to assess technological details of impacts on the

10

electricity sector and economy-wide economic impacts of greenhouse limits

11

(whether imposed economy-wide or on an individual sector) in a simultaneous

12

and mutually-consistent manner. After moving to NERA in 2011, I led a team of

13

modelers who created another integrated model known as NewERA that

14

combines a detailed engineering-economic simulation of the U.S. electricity

15

generating sector with a computable general equilibrium model of the full U.S.

16

economy. I have led multiple policy studies using the NewERA model, including

17

several assessments of the Clean Power Plan and a study of the economic

18

impacts of using revenues from a national carbon tax to reduce Federal deficits.

19
20
21

Q.

HAVE YOU BEEN INVOLVED IN ANY OF THE ENERGY MODELING FORUMS
OF STANFORD UNIVERSITY RELATED TO CLIMATE POLICY ANALYSIS?

9
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A.

Yes. I have been a contributing participant in several of the Stanford University

2

Energy Modeling Forums (“EMFs”), particularly in EMF 12 (“Controlling Global

3

Carbon Emissions – Cost and Policy Options”) and EMF 13 (“Markets for Energy

4

Efficiency”), where the Gemini-U.S. model was used. Additionally, our climate

5

IAM called PEF was included in EMF 14 (“Integrated Assessment for Climate

6

Change”). I have been the supervisor of modeling teams involved in other EMFs,

7

including the EMF project from which the IWG obtained the basis for its five

8

socioeconomic projections, EMF 22 (“Climate Change Control Scenarios”). The

9

NewERA model that we developed at NERA also has been and continues to be

10

used in several of the more recent EMFs focused on climate policy issues.

11
12

Q.

13
14

WHAT IS YOUR EXPERIENCE IN ASSESSING PHYSICAL IMPACTS OF
CLIMATE POLICY?

A.

Integrated assessment is both a process and a modeling activity, involving

15

specialists from multiple disciplines, working in collaboration with individuals who

16

are adept at developing tools or methods for organizing and creating analytical

17

linkages across those disciplines. My Ph.D. makes me a specialist in the

18

discipline of economics, but in the course of obtaining that degree I also trained

19

in analysis and modeling methods for decision support. Throughout my career, I

20

have practiced as an analyst working at the interface of multiple disciplines to

21

project the integrated effects of major policies on the environment, technology,

22

markets, and consumers. I have developed models and conducted research on
10
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several specific areas of climate impact that are not strictly the domain of

2

economics. I developed a model to simulate heat-related illness risk and

3

strategies for mitigating that risk, I was part of a team that produced an integrated

4

assessment framework for infectious disease risks from climate change, and I

5

researched methods for assessing public concerns with ecosystem impacts of

6

climate change. I also performed an analysis of geoengineering options within a

7

climate change IAM, demonstrating how to use IAMs to estimate the value of

8

near-term research on geoengineering.

9
10

Q.

11
12

IN WHAT OTHER WAYS HAVE YOU WORKED AS A CLIMATE POLICY
ANALYST?

A.

In decision analysis, it is important to identify the central objectives of the

13

decision makers, ensure the analysis is appropriately framed to address the

14

attributes of concern, and address uncertainties, risk preferences, and balancing

15

across multiple objectives. The goal of a good analysis is for participants in the

16

process to develop better insights about how their decisions can interact with

17

societal responses to find the best way to manage risks. During the 1990s, under

18

contract to the EPA, I led the development of a decision support tool called TEAM

19

to help regional policy planners evaluate alternative strategies for anticipatory

20

adaptation to future potential climate change against multiple decision criteria.

21

This multi-criteria evaluation tool included modules for assessing anticipatory

22

adaption policies to manage risks to coastal resources (from sea level rise), water
11
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resources, and agriculture. I facilitated applications of the tool with research and

2

planning teams in Cairo and Alexandria, Egypt, and in the State of New York.

3
4

Q.

FOR WHOM ARE YOU PROVIDING TESTIMONY?

5

A.

I am providing testimony on behalf of Great River Energy, Minnesota Power,

6

Otter Tail Power Company, and the Minnesota Large Industrial Group.

7
8

Q.

WHAT IS THE PURPOSE OF YOUR PRE-FILED DIRECT TESTIMONY?

9

A.

I am providing my recommendations and my opinions relating to the

10

establishment of environmental cost values for Minnesota for carbon dioxide

11

(“CO2”). As part of my direct testimony, I am presenting my expert report, which

12

is attached as Exhibit ___ (AES-D-2). This report describes in detail the analyses

13

that I undertook, with assistance of other NERA staff, to develop my

14

recommendations and opinions for Minnesota’s environmental cost values for

15

CO2.

16
17

Q.

WAS THE REPORT PREPARED BY YOU?

18

A.

Yes. I prepared the report and the work discussed in the report was carried out

19

under my direction and supervision. An analytical team of NERA staff assisted

20

me by performing research and calculations. The team was managed by Dr.

21

Paul M. Bernstein. Research support was provided by Ms. Julia Greenberger

22

and Ms. Reshma Patel. Other NERA consultants who contributed to elements of
12
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the research were Dr. Sugandha Tuladhar, Mr. Scott Bloomberg, and Mr.

2

Sebastian Mankowski.

3
4

Q.

5
6

CAN YOU PLEASE DESCRIBE DR. BERNSTEIN’S EDUCATIONAL AND
PROFESSIONAL BACKGROUND?

A.

Dr. Bernstein specializes in developing economic models applied to fields related

7

to energy and the environment, including climate policy, fuel markets, auctions,

8

and electricity generation. Dr. Bernstein has a B.A. in mathematics and physics

9

from the University of California at San Diego and obtained an M.A. and a Ph.D.

10

in operations research from Stanford University. Operations research involves

11

the use and development of mathematical and computational methods to assist

12

in optimizing complex decision problems. While at Stanford University, Dr.

13

Bernstein worked with Professor Alan Manne, one of the original developers of

14

an integrated energy-economic model for climate-policy analysis, which became

15

the MERGE model. Dr. Bernstein has participated as a modeler in multiple

16

Stanford University Energy Modeling Forums, including the EMF 22 forum that

17

the IWG turned to for the socioeconomic scenarios used in calculating the

18

Federal SCC values. He has analyzed the costs and benefits of national and

19

international policies to address climate change for the past twenty years. These

20

policies range from the Kyoto Protocol to the Waxman-Markey bill. Prior to

21

joining NERA, Dr. Bernstein was my colleague at Charles River Associates in the

13
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Energy & Environment and Climate & Sustainability practices. He also

2

previously worked at Hawaiian Electric Company.

3
4
5

II. THE IWG’S SOCIAL COST OF CARBON (“SCC”)
Q.

IN YOUR OPINION, IS THE SCC DEVELOPED BY THE FEDERAL

6

GOVERNMENT’S IWG REASONABLE AND THE BEST AVAILABLE MEASURE

7

TO DETERMINE THE ENVIRONMENTAL COST VALUES OF CO2 FOR

8

MINNESOTA?

9

A.

10

No. In my opinion, it is not reasonable to rely upon the IWG’s values for the Social
Cost of Carbon to determine Minnesota’s CO2 environmental cost values.

11
12

Q.

WHY NOT?

13

A.

To judge the reasonableness of relying on the IWG’s SCC values, you must

14

assess the underlying analytical framing decisions employed by the IWG in their

15

use of the IAMs. The SCC values produced by the IAMs used by the IWG vary

16

greatly depending on certain key, non-scientific choices made by the modelers in

17

framing their analysis. In my opinion, several of the IWG’s analysis-framing

18

choices are not appropriate for use in determining the range of Minnesota’s

19

environmental cost values for CO2.

20

14
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Q.

WHAT ARE THE IWG’S ANALYTICAL-FRAMING DECISIONS THAT YOU FIND

2

TO BE INAPPROPRIATE FOR MINNESOTA’S ENVIRONMENTAL COST

3

VALUES?

4

A.

There are five types of assumptions that I find inappropriate for Minnesota’s use.

5

First, the IWG’s SCC values are calculated assuming that the emitted ton of CO2

6

being valued would be the last ton to be added to the global CO2 emissions

7

inventory, which overstates the marginal damage that Minnesota should consider

8

for environmental cost values from its potential emissions reduction decisions in

9

resource planning. Second, the IWG calculated its SCC values using an analysis

10

horizon through the year 2300, which produces SCC values that contain a

11

degree of speculative content that is inconsistent with what I understand to be

12

Minnesota’s criteria for setting its environmental cost values as discussed in the

13

Minnesota Public Utilities Commission’s 1997 Order Establishing Environmental

14

Cost Values in Docket No. E-999/CI-93-583 (January 3, 1997). Third, the

15

Agencies have recommended using only the IWG’s SCC value based on a 3%

16

discount rate, which is an unreasonably narrow recommendation. The IWG itself

17

also considered a 5% discount rate, which is reasonable to include as well.

18

Fourth, the IWG’s SCC values are based on global damages, not Minnesota

19

damages or U.S. damages. This is inappropriate in the case of an individual

20

state’s investment decisions when there are no reciprocal agreements with major

21

emitting nations to also adopt that same SCC. Fifth, the IWG’s SCC values have

22

not accounted for the possibility of leakage, which is a particular concern for
15
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reduction actions that take place within the electricity system of a single state that

2

is interconnected to electricity systems in other states that are not participating in

3

the same resource planning constraints.

4
5

Q.

AREN’T THESE ASSUMPTIONS A MATTER OF SCIENTIFIC FACT?

6

A.

No. The list of five assumptions that I conclude should be made differently for

7

Minnesota (if it is to use IAMs) are not objective issues that can be tested by

8

scientific methods. Rather, they reflect the judgments of the analysts who use

9

the IAMs on behalf of policy makers.

10
11

Q.

12
13

WHAT ARE THE CRITERIA BY WHICH YOU HAVE EVALUATED THESE
ANALYSIS JUDGMENTS?

A.

Based upon the proceeding that initially established the environmental cost

14

values (Docket No. E-999/CI-93-593), I understand environmental cost values are

15

supposed to have a solid evidentiary basis and not be subject to excessive

16

speculation. Also, in the face of uncertainties about key inputs, I understand

17

Minnesota’s criterion is to use conservative assumptions. Additionally, the

18

values that Minnesota chooses should reflect the needs and impacts to residents

19

of Minnesota. The alternative analytical-framing assumptions I recommend

20

result in values that fit better with the IAMs’ evidentiary foundations, have

21

significantly less speculative content, are more appropriate for use in a single

22

state, such as Minnesota, and better reflect impacts to Minnesotans.
16
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1
2

Q.

DO YOU BELIEVE THAT THE ALTERNATIVE ANALYTICAL-FRAMING

3

ASSUMPTIONS ALLOW THE IAMS TO PRODUCE RELIABLE ESTIMATES OF

4

ENVIRONMENTAL COST VALUES FOR MINNESOTA?

5

A.

No. In the course of my analyses using the IAMs to prepare my testimony and

6

recommendations for this proceeding, it became apparent to me that the

7

sensitivity of the IAMs to unverified and non-scientific assumptions made by

8

modelers, as well as by model users, throws into question the reasonableness of

9

using any SCC value that the IAMs may produce. The SCC values lack

10

reasonableness for national-level as well as state-level policy-making, and

11

alternative valuation approaches to the IAM-based SCC calculation of marginal

12

damages may provide a more reliable set of values for Minnesota. However, I

13

understand the Commission has decided that it will take the damage cost

14

approach, at least initially. Given the Commission’s approach, I focus my

15

testimony on how to obtain relatively more appropriate estimates of damage

16

costs from IAMs than the IWG has produced.

17
18

Q.

WHAT ARE THE IAMS?

19

A.

IAMs are computerized tools used for calculating the societal value of damages

20

from emissions of greenhouse gases, and specifically for CO2. The models are

21

considered “integrated” because they simulate phenomena from multiple

22

academic disciplines (such as climatology and economics) in a single consistent
17
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set of predictions. The IAMs use a variety of economic and climatological

2

assumptions and relationships, as well as a number of analytical-framing options

3

to compute an SCC. The three IAMs used by the IWG -- DICE, PAGE, and

4

FUND -- all use a similar basic structure, which is described in my report, to

5

calculate the impact that a specified increment of additional carbon emissions will

6

have on societal welfare over a particular length of time into the future or what is

7

often referred to as “the modeling horizon.” The models are run with and without

8

the specific increments of additional carbon emissions, and the projected

9

differences over time in societal welfare are then discounted to a present value

10

using a user-specified discount rate to determine the SCC. A critical element of an

11

IAM that translates the science-based projections of climate change into the

12

economic-based concept societal welfare is an IAM’s damage function(s).

13
14

Q.

WHAT IS A DAMAGE FUNCTION?

15

A.

Through a series of computational steps, the damage function translates

16

projected changes in climate metrics into monetized societal value or “welfare.”

17

The damage functions of the three IAMs are based on a limited number of studies

18

of the economic impact of warming of 3 degrees Celsius (“ºC”) or less. The IAMs,

19

however, are used to predict the damage to the economy of much greater

20

changes in temperature. Lacking any foundational data for that greater range, the

21

modelers have to extrapolate the shape of a damages curve above 3 ºC without

18
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being able to validate the shape. The higher damage levels at higher projected

2

temperatures elevate the IWG’s SCC estimates.

3
4

Q.

DOES A SCC ESTIMATE REFLECT A DAMAGE COST APPROACH GIVEN

5

THAT IT WAS CALCULATED USING IAMS CONTAINING DAMAGE

6

FUNCTIONS?

7

A.

No, not as that term has traditionally been understood. A traditional damage cost

8

approach for climate change would first ascertain climatic changes from

9

projected emissions, then estimate the physical impacts on a variety of resources

10

and amenities due to the climatic changes, and finally estimate the societal

11

(monetized) value of the physical changes in the resources/amenities. As I

12

explain in detail in my report (AES-Direct-2), the IAMs largely skip the detailed

13

steps involved in determining how particular physical resources will be impacted

14

by climatic changes, and predict change in societal (monetary) value directly

15

from the climatic changes themselves. Only portions of the IAMs’ SCC damage

16

estimates are based on specific resource impact projections. This aggregation of

17

the logical steps into a reduced form function is not necessarily inappropriate when

18

the structure of the underlying relationships is well understood. However, in the

19

case of the IAMs, the damage functions are based on limited data regarding

20

damages resulting from small changes in temperature, and they make large

21

extrapolations to much higher-than-observed temperature changes. The lack of

22

specificity of the dose-response relationships that are implicit in those
19
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1

extrapolations -- and the degree to which the IWG’s SCC estimates are based on

2

the extrapolated portions of the damage functions -- imbue the IWG’s estimates

3

with a degree of speculation that is problematic in a situation such as Minnesota’s,

4

which seeks values that have an evidentiary foundation and are based on

5

conservative assumptions.

6
7
8

III. ASSUMPTIONS USED BY IWG IN ITS SCC CALCULATION
Q.

9

DO YOU DISAGREE WITH THE ASSUMPTION MADE BY THE IWG
REGARDING THE INCREMENTAL TON OF CO2 BEING THE LAST TON?

10
11

TAKING THE FIRST OF THE ASSUMPTIONS YOU HAVE CRITICIZED, WHY

A.

The IWG’s SCC is calculated as if the ton of CO2 in question is the last ton to be

12

added to the global greenhouse gas emissions inventory under a scenario in

13

which there are no other reductions in greenhouse gas emissions. If Minnesota’s

14

environmental cost values are calculated based on the damages caused by a

15

particular ton of CO2, it is inappropriate to assume this ton would be the last to be

16

emitted as part of a “business as usual” baseline projection of emissions since

17

many of the tons emitted that contribute to the SCC will not be emitted until much

18

later than the Minnesota tons in question. For example, the SCC value for 2020

19

depends on the concentration of greenhouse gases projected to already exist by

20

2020, all emissions produced in 2020, and all emissions produced from 2020 into

21

the far future. The carbon emitted in Minnesota is no more or less harmful than

22

carbon emitted elsewhere in the U.S. or the world. It also is no more or less
20
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1

harmful than any of the future tons that the IWG assumes will be emitted. So, if

2

one is calculating the environmental cost of CO2 based on the damages caused by

3

the emissions in Minnesota, it makes sense to use an average damage per ton.

4
5

Q.

WOULD THE LAST TON BE THE CORRECT TON TO VALUE IF THE

6

ENVIRONMENTAL COST OF CO2 IS TO BE BASED ON ECONOMIC

7

PRINCIPLES OF BENEFIT-COST ANALYSIS AND EXTERNALITY VALUES?

8
9

A.

In the case of a pollution issue, externality values are a measure of the total
societal damage of the pollutant in question, or the willingness of the members of

10

that society to pay to avoid the pollutant’s effects. When benefit-cost analysis

11

principles are used to determine the pollution reduction targets, the “marginal”

12

damage of an incremental amount of emissions reduction should be equal to the

13

“marginal” or incremental societal cost to accomplish that reduction. For this

14

reason, economists focus on the concept of marginal damages when valuing an

15

environmental externality. However, the marginal damage of a pollutant usually

16

depends on how much of the pollutant is assumed to be emitted. In the case of

17

greenhouse gases, the marginal damage estimate varies with the baseline

18

projection of greenhouse gas emissions. The marginal damage estimate is

19

higher if it is calculated against a baseline reflecting a world in which no

20

greenhouse gas control policies are in place compared to a world that includes

21

global greenhouse gas control policies. An externality-based environmental cost

22

should be calculated using a projection of CO2 and other greenhouse gas
21
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1

emissions consistent with the global target that is considered appropriate to

2

address climate change concerns. The IWG has not done this. The IWG has

3

assumed no reductions in greenhouse gases other than the ton in question,

4

which results in a higher marginal damage estimate than is consistent with a goal

5

of achieving societally-balanced emissions reductions using externality pricing.

6
7

Q.

TURNING TO THE SECOND ASSUMPTION, WHY DO YOU DISAGREE WITH

8

THE IWG’S DECISION TO USE A MODEL HORIZON THAT EXTENDS TO

9

2300?

10

A.

A horizon of 2300 means the IWG is using the IAMs to make projections almost

11

three hundred years into the future. Such far-future economic projections are

12

inherently highly speculative, to the point where they are nearly worthless.

13

Today, we have almost no idea what the global economy will look like in 2300, let

14

alone what impacts specific changes in temperature will have on that economy --

15

just as those alive in 1715 would have found it nearly impossible to make

16

accurate predictions regarding our economy and societal values today.

17

Moreover, the IWG’s 2300 model horizon assumes, unrealistically, that future

18

generations will passively endure temperature changes as high as 10 ºC above

19

pre-industrial levels, without taking any steps whatsoever to address the causes

20

of such temperature changes. The fact that we are discussing the environmental

21

impacts of GHG emissions now and that the Commission is taking steps to

22

update its environmental costs shows just how unrealistic that assumption is.
22
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These IAM extrapolations are entirely the subjective view of each IAM modeler,

2

based on their reasoned belief but not on evidence. As a result of the very long

3

modeling horizon, the IWG’s SCC values are driven more by the speculative

4

portions of the IAMs’ damage functions than by the portions that have at least

5

some evidentiary basis. I conclude the IWG’s SCC values have a high

6

speculative content that should be reduced to meet Minnesota’s criteria for its

7

environmental cost values. This can be done by using a shorter modeling

8

horizon that better balances the need to account for damages that will continue

9

into the future with the need to have an evidentiary foundation.

10
11

Q.

12
13

LET’S DISCUSS THE THIRD ASSUMPTION YOU LISTED. DO YOU
DISAGREE WITH THE DISCOUNT RATES USED BY THE IWG?

A.

Two of the discount rates used by the IWG, 3% and 5%, are reasonable. The

14

IWG based those discount rate estimates on empirical evidence of how people

15

actually make trade-offs between consumption today and in the future, called the

16

“consumption rate of interest.” The guidance on discount rates for regulatory

17

impact analyses provided by the Federal Government’s Office of Management

18

and Budget uses the term “social rate of time preference,” but in practice this

19

concept is often used interchangeably with the “consumption rate of interest,” with

20

both of these terms being contrasted to the “opportunity cost of capital.” The

21

Federal guidance and the IWG note the social rate of time preference and

22

consumption rate of interest are to be used when a regulation will affect only
23
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1

private consumption. The Federal guidance identifies 3% as a lower bound for

2

approximating the social rate of time preference, but actually requires use of a 7%

3

rate when a regulation will affect private sector capital spending because 7%

4

approximates the opportunity cost of displaced private sector investment. The

5

IWG’s range of 3% to 5% is intended to reflect only uncertainty in the consumption

6

rate of interest, and for that particular concept, falls within the Federal guidance.

7

However, the third rate used by the IWG, 2.5%, has only tenuous connection to

8

empirical evidence; instead, an element of the IWG’s adoption of this rate was to

9

acknowledge a subjective and prescriptive view among some policy analysts that

10

people living today should not discount the consumption of future generations in

11

the manner in which they discount their own within-generation consumption

12

choices. I conclude the IWG’s use of a 2.5% discount rate does not conform to

13

criteria to base Minnesota’s estimates of environmental cost values on evidentiary

14

foundations and to use conservative assumptions in the face of significant

15

uncertainty. I also conclude an upper bound based solely on estimates of the

16

consumption rate of interest (or the social rate of time preference) is too low.

17
18

Q.

19
20

WHY SHOULD ONE CONSIDER A HIGHER DISCOUNT RATE THAN A
CONSUMPTION RATE OF INTEREST?

A.

The IWG’s consideration of only the consumption rate of interest fails to address

21

the fact that spending to reduce emissions justified by use of SCC values will

22

largely require private sector capital spending. The consumption rate of interest
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is appropriate to use once all of the costs and benefits have been converted into

2

what is called “consumption-equivalent” units. The IWG notes the damages in

3

the IAM models are in such consumption-equivalents, and thus to obtain their

4

present value, one need only discount by the consumption rate of interest. What

5

it appears to have overlooked, however, is that those damages, once stated as a

6

present value, will be compared to a cost of emissions control that will be paid for

7

with private capital – e.g., will be compared to utility resource investment costs.

8

The projections of consumption levels in the IWG’s IAMs have not been adjusted

9

downwards by the opportunity cost of those investments, but have only been

10

adjusted upwards by the reduced climate impacts. Thus, the SCC obtained

11

when discounting the IAMs’ projected future consumption changes using only a

12

consumption rate of interest is overstated. It would be very complicated to

13

incorporate the opportunity cost of the emissions reduction cost into the IAMs

14

that the IWG has used, but it is reasonable to expect that the appropriate

15

discount rate range would be higher than ranges based solely on estimates of

16

the consumption rate of interest.

17
18

Q.

IN COMMENTS MADE TO THE COMMISSION, THE MINNESOTA

19

DEPARTMENT OF COMMERCE AND THE MINNESOTA POLLUTION

20

CONTROL AGENCY HAVE RECOMMENDED THAT A 3% DISCOUNT RATE

21

ALONE BE USED. DO YOU AGREE WITH THAT RECOMMENDATION?
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A.

No, I do not. Using only the 3% discount rate does not reflect even the current

2

range of empirically-based (descriptive) estimates of the consumption rate of

3

interest. As I discuss in my report, the IWG itself included a range of rates for the

4

consumption rate of interest from 3% and 5%, which are commonly used in

5

analyzing the impacts of public policies, and, in fact, were the discount rates

6

used to calculate the current Minnesota environmental cost values. The IWG

7

included 2.5% in its range, but partly to address prescriptive concerns about

8

inter-generational discounting and not solely because it is considered to be within

9

the descriptive rate range. Additionally, the IWG did not account for the

10

opportunity cost that would be associated with the private sector spending that

11

might be motivated by the resulting SCC. For that reason, I recommend that 3%

12

be the lower bound of the discount rate range, not 2.5%, and the upper bound

13

should not be less than 5%.

14
15

Q.

TAKING THE FOURTH ASSUMPTION YOU HAVE RAISED, CAN YOU

16

EXPLAIN YOUR OPINION REGARDING WHETHER SCC SHOULD BE

17

CALCULATED USING GLOBAL DAMAGES?

18

A.

It might make sense for the Federal government to consider global damages

19

when calculating the SCC, because the Federal government, unlike the individual

20

states, has authority to negotiate international agreements to reduce global

21

carbon emissions. For the Federal government, nationwide domestic policies

22

may support its positions in those negotiations. Minnesota, however, lacks
26
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authority under the U.S. Constitution to enter into international treaties.

2

Moreover, any unilateral changes Minnesota makes in its own emissions will

3

have, at best, de minimis impacts on climate change, even putting aside issues

4

of leakage that I discuss in my report. It is most appropriate, therefore, to

5

consider the benefits to Minnesotans from Minnesota’s actions to reduce CO2.

6

Because I have not prepared my own estimates of Minnesota-specific damages,

7

I have used domestic U.S. damages. While this still overstates Minnesota-

8

specific carbon damages, it is nevertheless far more appropriate than using

9

global damages to determine the fair contribution of individual small entities such

10

as electricity generating units in one state in the absence of reciprocal

11

agreements in surrounding states, let alone in other parts of the world.

12
13
14

IV. ACCOUNTING FOR LEAKAGE
Q.

15
16

THE FIFTH ISSUE YOU RAISE IS LEAKAGE. CAN YOU PLEASE EXPLAIN
WHAT YOU MEAN BY LEAKAGE?

A.

Leakage occurs when CO2 emissions are reduced in one jurisdiction, but are

17

replaced, either partially or fully, by emissions in another jurisdiction. This can

18

occur, for example, if a generating unit were to be shut down in Minnesota, and

19

other underutilized generating units in other states were to find more demand for

20

their output as a result. If the Minnesota unit’s emissions were to decline by 100

21

tons, and non-Minnesota units’ demands were to increase such that their

22

aggregate emissions are increased by 30 tons, the leakage rate would be 30%,
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and Minnesota’s closure action would result in 70 net tons of reduction, not

2

the 100 tons of direct reductions.

3
4

Q.

5
6

CAN YOU PLEASE EXPLAIN HOW LEAKAGE SHOULD BE ACCOUNTED FOR
WHEN USING ENVIRONMENTAL COST VALUES?

A.

The benefit of any reduction in carbon emissions resulting from a particular policy

7

depends on the net global reduction, not just the reduction in one specific

8

jurisdiction or geographic area. If changes are made in carbon emissions in

9

Minnesota as a result of the consideration of environmental cost values in the

10

resource-planning process, those changes should be netted against any resulting

11

increases in carbon emissions that the policy induces in neighboring jurisdictions.

12

Leakage is the extent to which policy-driven decreases in carbon emissions are

13

offset by resulting increases in other jurisdictions. Leakage is very likely to occur

14

when one state adopts a policy, such as the use of a SCC in resource planning

15

that has the effect of driving up that state’s cost of energy production, while the

16

cost of energy production in neighboring states remains unchanged because their

17

energy production is exempt from the first state’s policy. Studies indicate leakage

18

occurs even on an international level, and it becomes an increasingly significant

19

factor when actions are taken at a state or local level. Estimated leakage should

20

be used to adjust direct emissions reductions that are projected to result from

21

investments by Minnesota’s utilities into net emissions, and the SCC should only

22

be applied to the net emissions reduction estimates.
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1
2

Q.

3
4

HAS THE IWG ACCOUNTED FOR LEAKAGE IN ITS COMPUTATIONS OF
SCC VALUES?

A.

No. The IWG’s SCC values are for an emissions change that is assumed to be a

5

net change in global emissions. Thus, use of the IWG’s SCC values without

6

adjusting for leakage implicitly assumes there is no chance that a ton being

7

assessed for possible control action might be replaced, even in part, by

8

increased emissions anywhere else. This is not a reasonable assumption until

9

there are binding reciprocal agreements with all of the trading partners of the

10

government choosing to reduce emissions in its own jurisdiction by use of the

11

IWG’s SCC values.

12
13
14

V. SENSITIVITY ANALYSIS OF IWG’S SCC
Q.

ARE YOU ABLE TO DETERMINE THE EFFECT ON THE SCC VALUE OF

15

ALTERING THE IWG’S ASSUMPTIONS IN THE MANNER YOU HAVE

16

DESCRIBED?

17

A.

Yes. First, my colleagues and I obtained the three IAMs used by the IWG in

18

calculating the SCC and successfully ran the IAMs using the same inputs and

19

assumptions as the IWG. Then, having validated that we were using the IAMs in

20

the same manner as the IWG and obtaining the same results, we ran the models

21

using various combinations of the first four of the assumptions in question:

22

marginal ton, model horizon, discount rate, and geographic scope of damages.
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1
2

Q.

WHAT WERE THE RESULTS OF THE SENSITIVITY ANALYSIS?

3

A.

The results are summarized in Table 4 of my attached report, which is also set

4

out below. They show that the SCC differs considerably based on the inputs

5

used by the modelers for the four non-scientific assumptions. Those results

6

suggest the Federal SCC is not the scientifically-based measure it has

7

sometimes been portrayed as by its advocates. Instead, the predictions made by

8

the IAMs used to calculate the SCC are largely driven by the subjective

9

assumptions used by the modelers, not by climate science.
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Table 4.

Summary of SCC Estimates for All Combinations of Alternative
Values

#
changes
Discount
from
Rate
base
inputs

Time
Horizon

Geographic Which
Scope
Tonne

2020 SCC
Value (2007$
/net tonne)

2020 SCC
Value (2014$
/net tonne)

0
1
1
1
2
2
1
2
1
2
2
2
3
3
2
3
1
2
2
2
3
3
2
3
2
3
3
3
4
4
3
4

2300
2140
2100
2300
2140
2100
2300
2100
2300
2140
2100
2300
2140
2100
2300
2100
2300
2140
2100
2300
2140
2100
2300
2100
2300
2140
2100
2300
2140
2100
2300
2100

Global
Global
Global
Global
Global
Global
Global
Global
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
Global
Global
Global
Global
Global
Global
Global
Global
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.

$42.14
$32.53
$22.14
$12.03
$10.70
$9.03
$4.84
$4.26
$6.88
$5.36
$3.97
$2.28
$1.99
$1.77
$1.03
$0.92
$27.59
$21.55
$15.55
$8.43
$7.65
$6.70
$3.65
$3.33
$4.83
$3.88
$3.05
$1.76
$1.59
$1.46
$0.87
$0.81

$46.88
$36.19
$24.63
$13.39
$11.90
$10.05
$5.38
$4.74
$7.65
$5.96
$4.42
$2.54
$2.22
$1.97
$1.15
$1.03
$30.70
$23.98
$17.30
$9.38
$8.51
$7.45
$4.06
$3.70
$5.37
$4.32
$3.40
$1.96
$1.77
$1.62
$0.96
$0.90

3%
3%
3%
5%
5%
5%
7%
7%
3%
3%
3%
5%
5%
5%
7%
7%
3%
3%
3%
5%
5%
5%
7%
7%
3%
3%
3%
5%
5%
5%
7%
7%

Last
Last
Last
Last
Last
Last
Last
Last
Last
Last
Last
Last
Last
Last
Last
Last
First
First
First
First
First
First
First
First
First
First
First
First
First
First
First
First
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1

Q.

2
3

DID YOU MAKE ANY CHANGES TO HOW THE IAMS MODEL CLIMATE
CHANGE ITSELF?

A.

No, I made no changes to those portions of the models. I used the same IAMs

4

that the IWG used, without any changes to the climate-science aspects of the

5

models.

6
7

Q.

ARE YOU OFFERING AN OPINION REGARDING HOW MUCH

8

TEMPERATURES WILL RISE UNDER DIFFERENT CARBON EMISSIONS

9

SCENARIOS?

10

A.

No. The analyses described in my report used the climate-modeling features

11

already included in the IAMs such as predicted emissions levels, atmospheric

12

concentrations of CO2, and the predicted resulting temperature changes. I am

13

not offering any opinion as to whether those are correct or incorrect; they have

14

been left unchanged.

15
16

Q.

17
18

WHEN TAKEN IN COMBINATION, WHAT IMPACT DID THE ASSUMPTIONS
YOU ANALYZED HAVE ON THE VALUE OF THE SCC?

A.

When the first four assumptions are changed to the lowest values that I would

19

recommend for each one, the result is an SCC value of $1.62 per net metric ton

20

of CO2, stated in year 2014 dollars (“2014$”). As for my fifth assumption, if there

21

is any leakage expected, this value would need to be adjusted downward further

22

by the percent of emissions that would reappear elsewhere.
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1
2

VI. RECOMMENDATION FOR CO2 ENVIRONMENTAL COST VALUES
Q.

3
4

WHAT IS THE RANGE OF ENVIRONMENTAL COST VALUES FOR CO2 THAT
YOU RECOMMEND THAT MINNESOTA ADOPT?

A.

I have concluded Minnesota should consider an alternative approach, such

5

as consideration of societal preferences as revealed in the cost of compliance for

6

actual and proposed Federal decisions on greenhouse gas regulations, rather

7

than relying on IAMs to produce an SCC value. I have concluded such an

8

approach would be more reliable and subject to less undue speculation.

9

However, I understand the Commission for now prefers a damage cost

10

approach. If the Commission is resolved to continue with this decision, despite

11

the evidence that the IWG’s SCC values are not robust and are more determined

12

by analyst and modeler judgments than by scientific facts, then in my opinion the

13

Commission should adopt a range of values calculated using assumptions that

14

are less speculative and more appropriate for Minnesota. As I explain in my

15

report, this yields a range of $1.62/net tonne to $5.14/net tonne (2014$).

16
17

Q.

18
19

WHAT PARTICULAR ASSUMPTIONS DID YOU USE IN CALCULATING YOUR
RECOMMENDED RANGE OF VALUES?

A.

I used discount rates of 3% and 5%; marginal damage estimates based on the

20

first ton of CO2 emitted, and also on the average of the values for the first and

21

last tons of CO2 emitted; domestic damages rather than global damages; and

22

model horizons of 2100 and 2140. I recognize, however, that a higher discount
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1

rate range might be justified and that Minnesota-specific damages could be

2

estimated. But my report, (AES-Direct-2), does not contain an analysis of the

3

omitted opportunity cost of emissions reduction spending implicitly excluded in the

4

discount rate range of 3% - 5% or a Minnesota-specific estimate of damages.

5

These complex analyses were outside the scope of my report. Should such

6

analyses be performed and accepted by the Commission, these modifications will

7

adjust the range of environmental cost values for CO2 downward from the range I

8

note above. For any range of values adopted by the Commission, I recommend

9

incorporating and adjustment for appropriate leakage values.

10
11

Q.

WHAT DO YOU MEAN BY A “NET” TONNE?

12

A.

It means these SCC values should be applied to emissions changes after

13

accounting for leakage. The “net” tonnes are equal to the direct reduction

14

estimates associated with a potential resource planning decision minus an

15

estimate of the potential increase in tonnes outside of the Commission’s

16

jurisdiction. The range of environmental cost values adopted in this docket

17

should be adjusted based on potential leakage when used in particular resource

18

planning dockets.

19
20

Q.

WHAT DO YOU MEAN BY YOUR SPELLING OF THE WORD “TONNE”?

21

A.

When I spell the word ton as “t-o-n-n-e,” I am specifically referring to a metric ton.

22

A metric ton is about 10% larger than a short ton. It is a distinction worth making
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1

because the current Minnesota environmental cost values are stated in $/short

2

ton, while the IWG’s SCC values (and all other estimates that are derived from

3

runs of the IAMs that the IWG used) are in $/metric ton, i.e., “$/tonne.”

4
5

Q.

ARE YOU RECOMMENDING A PARTICULAR LEAKAGE PERCENTAGE?

6

A.

No, the appropriate leakage value to consider will vary based on the decision

7

under consideration. However, I provide guidance in my report on how potential

8

for leakage can be determined, and that calculated leakage can then be used to

9

adjust direct tonnes into net tonnes before multiplying by my recommended range

10

of environmental cost values.

11
12

Q.

IN YOUR OPINION, IS THE $1.62/NET TONNE TO $5.14/NET TONNE RANGE

13

OF VALUES YOU RECOMMEND BETTER SUPPORTED BY THE EVIDENCE

14

THAN THE IWG’S SCC?

15

A.

Yes, I believe it is better supported by the available evidence and thus less

16

speculative. The shorter model horizon avoids projections of societal values into

17

a time period whose economic conditions are essentially speculative, and avoids

18

excessive reliance on the portions of the damage functions that are modeler

19

judgments rather than evidence-based. It also avoids the unrealistic assumption

20

that humanity will passively accept significant, sustained temperature increases

21

over a long time period, and do nothing to respond with future technologies. The

22

range of discount rates is limited to those with the strongest empirical basis. The
35
MPUC Docket No. E-999/CI-14-643
OAH Docket No. 80-2500-31888
Direct Anne E. Smith, Ph.D.

1

marginal damage estimate is more consistent with the reality that a ton of CO2

2

emitted in Minnesota is no more or less harmful than a ton emitted elsewhere,

3

and with recognition that Minnesota is acting as a leader in advance of reciprocal

4

action by the majority of emitters. Adjusting the range of values based on the

5

likelihood of leakage is also a necessary step for a more evidence-based

6

assessment of the environmental value that Minnesota’s reductions can provide

7

when neighboring states are not pursuing similar carbon-reduction policies.

8
9

Q.

10
11

IS YOUR RECOMMENDATION TO USE A DOMESTIC SCOPE OF DAMAGES
MORE EVIDENCE-BASED THAN USE OF A GLOBAL SCOPE?

A.

No. The analytic choice of scope for damages is not a question of an evidentiary

12

basis, but rather is founded in the principles of societal welfare optimization. The

13

underlying goal of comparing incremental damage estimates to their incremental

14

costs is to identify when it is efficient to reallocate a society’s resources; by

15

making efficient reallocations where such opportunities can be identified, a

16

community under a single political system can enhance the overall welfare of its

17

population (both present and future). If such comparisons consider the benefits

18

of populations in other political systems that do not share in the costs of the

19

actions, the approach can lead to choices that harm rather than benefit the

20

society imposing the policy. This concern is particularly large when the estimates

21

of non-domestic benefits vastly outweigh the domestic benefits, as is the case for

22

climate policy. Under such circumstances, sound policy decisions cannot be
36
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1

made by application of global damage estimates to unilateral domestic action,

2

but only by engagement in the creation of a global and reciprocal set of

3

agreements. While the U.S. as a nation can strive to negotiate such global

4

agreements, individual states should not futilely harm the economic welfare of

5

their own residents by forcing them to bear global damage estimates in their

6

state-level investment decisions in the absence of such global agreements.

7
8

Q.

9
10

WHAT HAVE YOU DONE TO PROVIDE TRANSPARENCY FOR THE
COMMISSION IN YOUR RECOMMENDATION?

A.

I have been very clear about the specific input assumptions that determine the

11

range of values that I recommend. In case the Commission or the ALJ might

12

disagree with me for any reason regarding the appropriateness of particular

13

assumptions I have recommended, I have provided a full table of all the

14

combinations of the four alternative assumptions that I have studied, in the form

15

of a sensitivity analysis. The Commission or the ALJ can use those sensitivity

16

analysis results, which are presented in Table 4 of my report, to select a range

17

of values based on whatever assumptions either believes are most appropriate

18

per net tonne.

19
20

VII. CONCLUSION

21

Q.

DOES THIS CONCLUDE YOUR DIRECT TESTIMONY?

22

A.

Yes, it does.
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Anne E. Smith
Senior Vice President
Dr. Anne Smith is an economist and decision analyst specializing in regulatory impact
assessment, economic impact analysis, benefits analysis, and integrated assessment. Dr. Smith
has conducted major analyses on costs, benefits, and macroeconomic impacts of many important
environmental issues, including air quality standards (e.g., PM2.5, ozone, SO2, NOx, VOC,
mercury, visibility), global climate change, and natural resource damage assessment (NRDA).
Since 1990, Dr. Smith has been continuously engaged as an expert in multiple different climate
change policy analyses and air quality proceedings. She has prepared numerous regulatory cost,
economic impact, and integrated assessments for various air regulations, including in 1997 for
the first PM2.5 and 8-hour ozone standard. Since 1990, she has been contributing to climate
policy evaluations in many aspects, including design of market-based control policies, integrated
policy evaluation, multi-criteria policy evaluation, and benefit-cost analysis. She has prepared
innovative analyses, published research papers, and submitted technical comments on risk
analysis and risk management for pollution control. Dr. Smith has been engaged as an expert
witness in major litigation and has also helped private corporations devise business strategies to
address changing regulatory and business environments.
Before joining NERA, Dr. Smith headed the Climate & Sustainability Group at Charles River
Associates. Prior to that, she headed the Environmental Policy Practice and served on the Board
of Directors at Decision Focus Incorporated, and earlier served as an economist in the Office of
Policy Planning and Evaluation at the US Environmental Protection Agency.
Dr. Smith received her BA degree in Economics from Duke University in 1977, summa cum
laude, and is a member of Phi Beta Kappa. She received her MA and PhD degrees in Economics
from Stanford University, where her studies concentrated in industrial organization, decision
sciences, and labor economics. Her PhD degree included a minor in Stanford’s EngineeringEconomic Systems Department (presently known as the Department of Management Sciences
and Engineering).
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Education
Stanford University
PhD, Economics (with minor in Engineering-Economic Systems), 1984
Stanford University
MA, Economics, 1981
Duke University
BA Economics, summa cum laude, 1977

Professional Experience
Current

NERA Economic Consulting
Senior Vice President

1998-2011

Charles River Associates
Vice President and leader of the Climate & Sustainability Group

1984-1998

Decision Focus Incorporated (later DFI-Aeronomics)
Principal, Vice President, and leader of the Environmental Policy Practice;
Member of DFI Board of Directors from 1997-1998.

1981-1982

SRI International
Research Analyst

1977-1979

Economic Analysis Division of the Office of Policy Planning and Evaluation
of the U.S. Environmental Protection Agency
Economist

Testimony in Regulatory and Judicial Proceedings
Court and Hearings Boards
Expert witness on economic incentives associated with opacity exceedances and alleged PM
violations in Sierra Club v. Energy Future Holdings Corp. et al., Case No. 6:12-cv-108
(W.D.Tex.), U.S. District Court for the Western District of Texas, Waco Division. Written
expert report filed June 13, 2013; declaration filed October 10, 2013; trial February 24-26, 2014.
Expert witness on economic incentives associated with opacity exceedances in Sierra Club v.
Energy Future Holdings Corp. et al., Case No. 5:10-cv-156 (E.D.Tex.), U.S. District Court for
the Eastern District of Texas, Texarkana Division. Written expert report filed May 21, 2013;
rebuttal report filed June 20, 2013.
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Expert witness on emissions-related damages estimates in United States of America v. Westvaco
Corporation, Civil Action No. MJG 00-CV-2602, U.S. District Court for the District of
Maryland. Written expert report filed February 21, 2012; deposition March 22, 2012; trial
testimony January 17, 2013.
Expert witness on cost to utilities and associated state macroeconomic and state revenue impacts
of sectoral carbon limits, State of New Mexico Environment Improvement Board, EIB 11-16(R),
in the matter of Proposed Repeal of Regulation 20.2.100 NMAC – “Greenhouse Gas Reduction
Program.” Written expert report filed October 7, 2011; testimony and cross examination
December 13, 2011.
Expert witness on cost to utilities and associated state macroeconomic and state revenue impacts
of multi-state GHG cap-and-trade policy, State of New Mexico Environment Improvement
Board, EIB 11-15(R ), in the matter of Proposed Repeal of Regulation 20.2.350 NMAC –
“Greenhouse Gas Cap and Trade Provisions.” Written expert report filed September 15, 2011;
testimony and cross examination November 8, 2011.
Expert witness in international arbitration on business damages under the auspices of the
Permanent Court of Arbitration, Case No. 2009-18. Expert report on markets for Kyoto Protocol
compliance instruments filed June 29, 2010; expert report on business damages and discount
rates filed December 8, 2010; cross examination on September 2, 2011.
Expert witness on present value of economic benefits to a company from delayed compliance in
PennEnvironment and Sierra Club v. GenOn Northeast Management Company, Civil Action No.
07-00475, U.S. District Court for Western District of Pennsylvania. Expert report finalized May
6, 2011, but not filed due to settlement of case.
Expert witness on costs and risks, Public Utilities Commission of the State of Colorado, Docket
No. 10M-245E, in the matter of the Commission consideration of Public Service Company of
Colorado Plan in compliance with House Bill 10-1365, “Clean Air – Clean Jobs Act.” Written
answer testimony filed September 17, 2010; written cross-answer testimony filed October 8,
2010; written supplemental answer testimony filed November 9, 2010; written supplemental
cross-answer testimony filed November 15, 2010. Cross-examinations on October 28, 2010 and
November 19, 2010.
Expert witness on cost and economic impacts, State of New Mexico Environment Improvement
Board, EIB 10-04(R ), in the matter of Proposed Regulation 20.2.350 NMAC – “Greenhouse Gas
Cap and Trade Provisions.” Written expert report filed August 16, 2010; testimony and cross
examination September 29, 2010.
Expert witness on cost-benefit analysis in State of North Carolina ex. rel. Roy Cooper, Attorney
General (Plaintiff) v. Tennessee Valley Authority (Defendant), Case No. 1:06-CV-20, U.S.
District Court for the Western District of North Carolina, Asheville Division. Written expert
report filed February 27, 2007; deposition June 19, 2007; testified July 29, 2008.

NERA Economic Consulting

3

Exhibit ___ (AES-D-1)
MPUC Docket No. E-999/CI-14-643; OAH Docket No. 80-2500-31888
Page 4 of 13

Anne E. Smith

Expert witness on utility company compliance costs and emissions impact of an alternative
emissions control approach to the proposed mercury control policy for the State of Illinois, (in
the matter of proposed new Ill. Adm. Code 225, Illinois Pollution Control Board Hearings on
the matter of Control of Emissions from Large Combustion Sources (Mercury)). Written
testimony filed July 28, 2006; cross examination at IPCB hearings on August 14-17, 2006
(Chicago IL).
Expert witness on estimating economic benefits of visibility improvements, State of Washington
Pollution Control Hearings Board, expert report filed December 1998 (summary judgment in
favor of client before testimony occurred).
Congressional Hearings
“Impacts of U.S. Environmental Protection Agency Regulations” U.S. House of Representatives
Committee on Oversight and Government Reform, February 26, 2015.
“Discussion Draft of ‘Energy Consumers Relief Act of 2013’ ” U.S. House of Representatives
Committee on Energy and Commerce, Subcommittee on Energy and Power, April 12, 2013.
“The American Energy Initiative – A Focus on EPA’s New Proposal to Tighten National
Standards for Fine Particulate Matter in the Ambient Air” U.S. House of Representatives
Committee on Energy and Commerce, Subcommittee on Energy and Power, June 28, 2012.
“The American Energy Initiative – A Focus on What EPA’s Utility MACT Rule Will Cost U.S.
Consumers” U.S. House of Representatives Committee on Energy and Commerce and
Subcommittee on Energy and Power, February 8, 2012.
“Innovative Practices to Create Jobs and Reduce Pollution” U.S. Senate Committee on
Environment and Public Works, Subcommittee on Green Jobs and the New Economy, October
13, 2011.
“Quality Science for Quality Air” U.S. House of Representatives Committee on Science, Space,
and Technology, Subcommittee on Energy and the Environment, October 4, 2011.
“Auctioning under Cap and Trade: Design, Participation and Distribution of Revenues” U.S.
Senate Committee on Finance, May 7, 2009.
“Legislative Hearing Regarding the American Clean Energy and Security Act” U.S. House of
Representatives Committee on Energy and Commerce and Subcommittee on Energy and
Environment, April 24, 2009.
“Economic Impacts of Florida Executive Order 07-127” before Florida Energy Commission
(November 19, 2007), and at hearings held by House and Senate Committees of the Florida State
Legislature (both on December 12, 2007).
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“America’s Climate Security Act of 2007, S.2191” Legislative Hearing of the Senate Committee
on Environment and Public Works, November 8, 2007.
“Counting the Change: Accounting for the Fiscal Impacts of Controlling Carbon Emissions”
House Committee on the Budget, November 1, 2007.
“Lessons Learned from Existing Cap and Trade Programs” House Committee on Energy and
Commerce, Subcommittee on Energy and Air Quality, March 29, 2007.
“Energy Market and Economic Impacts of a Proposal to Reduce Greenhouse Gas Intensity with a
Cap and Trade System,” U.S. Senate Committee on Energy and Natural Resources, January 24,
2007.
“Science and Risk Assessment behind the EPA’s Proposed Revisions to the Particulate Matter
Air Quality Standards,” U.S. Senate Environment and Public Works Committee, July 19, 2006.
“Economic Impacts of Various Proposals to Reduce Domestic Greenhouse Gas Emissions,” U.S.
Senate Committee on Energy and Natural Resources, September 20, 2005.
“The Proposed Regional Haze Regulation and its Relationship to the Work of the Grand Canyon
Visibility Transport Commission,” U.S. Senate Committee on Energy and Natural Resources,
Subcommittee on Forests and Public Land Management, October 1997.
“Scientific Foundations for U.S. EPA’s Proposed New National Ambient Air Quality Standard
for PM2.5,” U.S. Senate Committee on Environment and Public Works, Subcommittee on Clean
Air, Wetlands, Private Property, and Nuclear Safety, February 1997.

Professional Activities
Director on Board of Directors, Society for Benefit-Cost Analysis, 2013-2014.
Panel of Experts on “Lessons Learned from the European Union’s Emissions Trading Scheme
and the Kyoto Protocol’s Clean Development Mechanism,” U.S. General Accountability Office,
2008. (Report: GAO-09-151, released November 2008).
Congressionally Mandated Committee on Management of Certain Radioactive Waste Streams
Stored in Tanks at Three Department of Energy Sites, National Academy of Sciences, 2005-2006.
Committee on Risk-Based Approaches for Transuranic and High-Level Radioactive Waste,
National Academy of Sciences, 2003–2005.
Committee on the Characterization of Remote-Handled Transuranic Waste for the Waste
Isolation Pilot Plant, National Academy of Sciences, 2001–2002.
Programmatic Review of EPA’s PM2.5 Research Program, Subcommittee on Risk Management,
Board of Scientific Counselors, U.S. Environmental Protection Agency, 1999.
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Technical Expert to Committee on Idaho National Engineering and Environmental Laboratory
High-Level Waste Alternative Treatments, Board on Radioactive Waste Management, National
Academy of Sciences, 1998.
Committee to Evaluate Science, Engineering, and Health Basis of DOE’s Environmental
Management Program, Subcommittee on Priority Setting, Timing and Staging, National
Academy of Sciences, 1995–2002.
Panel on DOE’s Environmental Restoration Priority-setting System, National Academy of
Sciences, 1992–1993.
Dialogue on Global Climate Change and National Energy Policy, Keystone Foundation,
Keystone, CO, 1989–1990.
Working Group on Assessment of the Impact of Pollutants on the Marine Environment, Group of
Experts on Scientific Aspects of Marine Pollution (GESAMP), United Nations, Bangkok,
Thailand, 1984.
Working Group on Biological Aspects of Thermal Pollution of the Marine Environment,
GESAMP, United Nations, Rome, Italy, 1983.
Ad-hoc Committee on Cost-Benefit Analysis, United Nations Economic Commission for
Europe, Geneva, Switzerland, 1982.

Publications and Relevant Major Project Reports
“Inconsistencies in Risk Analyses for Ambient Air Pollutant Regulations,” manuscript accepted
by Risk Analysis (in revision).
“Response to Commentary by Fann et al. on “Enhancing the Characterization of Epistemic
Uncertainties in PM2.5 Risk Analyses,” Risk Analysis, Vol. 35(3), March 2015, pp. 381-384.
“Enhancing the Characterization of Epistemic Uncertainties in PM2.5 Risk Analyses” (with W.
Gans), Risk Analysis, Vol. 35(3), March 2015, pp. 361-378.
“An Evaluation of the Robustness of the Visual Air Quality ‘Preference Study’ Method,”
Journal of the Air and Waste Management Association, Vol. 63(4), April, 2013, pp. 405-417.
An Evaluation of the PM2.5 Health Benefits Estimates in Regulatory Impact Analyses for Recent
Air Regulations. Report prepared for Utility Air Regulatory Group, December 2011.
“Climate Engineering – Alternative Perspective,” Chapter 1.2 in Smart Solutions to Climate
Change – Comparing Costs and Benefits, Bjorn Lomborg (ed.), Cambridge University Press,
2010.
“Evaluation of Health Effects of Ambient Ozone,” (with Roger O. McClellan, Mark W.
Frampton, and others), Inhalation Toxicology, Vol. 21(S2), September 2009, pp. 1-36.
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“R&D Policy,” (with W. David Montgomery and Lee Lane), Chapter 1.5 in A Taxing Debate:
Climate Policy Beyond Copenhagen, Ian Marsh (ed.), Growth No. 61, CEDA – the Committee
of Economic Development of Australia, August 2009
“Macroeconomic Analysis of American Clean Energy and Security Act of 2009,” (with Robert
Baron, Scott Bloomberg and others), USAEE Dialogue, Vol. 17(2), August 2009, pp. 12-16.
“A Top-Down Bottom-up Modeling Approach to Climate Change Policy Analysis,” (with
Sugandha D. Tuladhar, Mei Yuan, and others), Energy Economics, Vol. 31(S2), July 2009, pp.
S223-S234.
”A Statement on the Appropriate Role for Research and Development in Climate Policy,” (with
Kenneth J. Arrow, Linda R. Cohen and others), Economists’ Voice, February 2009.
“Price, Quantity, and Technology Strategies for Climate Change Policy,” (with W. David
Montgomery), Chapter 27 in Human Induced Climate Change: An Interdisciplinary Assessment,
M. Schlesinger et al. (eds.), Cambridge University Press, 2007.
“Methods and Results from a New Survey of Values for Eastern Regional Haze Improvements,”
(with Michael A. Kemp, Timothy H. Savage, and Catherine L. Taylor), Journal of the Air and
Waste Management Association, Vol. 55, November 2005, pp. 1767-1779.
“Implications of Trading Implementation Design for Equity-Efficiency Trade-offs in Carbon
Permit Allocations” (with Martin Ross and David Montgomery), CRA Working Paper,
December 2002.
“Not All Problems Have Been Solved in Emissions Trading.” Natural Gas, John Wiley & Sons,
Inc., December 2001, pp. 15–20.
“An Empirical Mechanistic Framework for Heat Related Illness,” (with Nathan Chan, Mark
Stacey, and others), Climate Research, Vol. 16, January 2001, pp. 133–143.
“Global Climate Change and the Precautionary Principle,” (with W. David Montgomery) ,
Human and Ecological Risk Assessment, Vol. 6, No. 3, 2000, pp. 399–412.
“Analysis of the Reduction of Carbon Emissions through Tradable Permits or Technology
Standards in a CGE Framework,” (with E. Balistreri, P. Bernstein, and others), AERE/Harvard
Workshop on Market-Based Instruments for Environmental Protection, Cambridge, MA, July
18–20, 1999.
“An Integrated Assessment Framework for Climate Change and Infectious Diseases,” (with N.
Chan, K. Ebi, and others), Environmental Health Perspectives, Vol. 107, No. 5, May 1999.
“Preserving Flexibility in the Kyoto Protocol.” Journal of the Forum for Environmental Law,
Science, Engineering, and Finance, August 1998.
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“Making Appropriate Comparisons of Estimated and Actual Costs of SO2 Emissions Reductions
under Title IV,” Paper 98-TP49.01, Air and Waste Management Association Conference, San
Diego, CA (June 14–18, 1998).
“The Costs of Reducing Utility SO2 Emissions—Not As Low As You Might Think,” (with
Jeremy Platt and Denny Ellerman), Massachusetts Institute of Technology, Center for Energy
and Environmental Policy Research, WP-98010, August 1998; a shorter version of the paper was
published in Public Utilities Fortnightly, May 15, 1998.
“Statistical Shell Game,” EEI’s Electric Perspectives, May-June 1997, pp. 38–52.
“The Real Particulate Matter Culprit: EPA’s Flawed Assumptions,” Commentary, Inside EPA’s
Risk Policy Report, Vol. 3, No. 2, February 21, 1997, pp. 35–38.
“The GCVTC Integrated Assessment: Putting All the Science Together.” Paper 96-TP46.04, Air
and Waste Management Association Conference, Nashville, TN, June 23–28, 1996.
“Energy Modeling with Environmental Constraints.” Nuclear Energy in the 21st Century—An
Environmental Bonus? Proceedings of the International Conference of the British Nuclear
Energy Society, Bath, U.K., April 14–15, 1994.
“Integrated Environmental/Energy Policy Analysis for the U.K,” (with Stephen M. Haas),
Global Climate Change: Science, Policy, and Mitigation Strategies, C.Mathai and G. Stensland,
eds., Air and Waste Management Association, 1994.
“A Multi-attribute Approach to Choosing Adaptation Strategies,” (with H. Quan Chu), Global
Climate Change: Science, Policy, and Mitigation Strategies, C.V. Mathai and G. Stensland
(eds.), Air and Waste Management Association, 1994.
“The Effect of Daytime Running Lights on Crashes between Two Vehicles in Saskatchewan: A
Study of a Government Fleet,” (with G. Sparks, R. Neudorf, and others), Accident Analysis and
Prevention, Vol. 25, No. 5, 1993, pp. 619–625.
“Issues in Implementing Tradable Allowances for Greenhouse Gas Emissions.” Paper 91–169.4,
Proceedings of the Air & Waste Management Association Conference, Vancouver, BC, June
1991.
“Environmental Policy Assessment in the 1990s,” (with J. D. Scheraga), Forum for Social
Economics, Autumn 1990.
“A Probabilistic Model for Assessing Damages of Acid Deposition to Painted Surfaces.” Acid
Rain: Scientific and Technical Advances, Selper Ltd., London, 1987.
“TANKS: A Software Tool for Managing the Risks of Underground Storage Tanks.” Managing
Environmental Risks, Air Pollution Control Association, Washington, D.C., 1987.
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“The Costs and Benefits of Sulphur Oxide Control,” (with R. Barnes and G. Parkinson), Journal
of the Air Pollution Control Association, 1983.
Development of Decision Analysis Methodology for Health Risk Assessment – An Illustrative
Application to Alternative Air Quality Standards for Carbon Monoxide, (with P. McNamee and
M. W. Merkhofer). SRI International Report prepared for U.S. Environmental Protection
Agency under Contract 68-02-3575, 1983.

Examples of Relevant Projects
Environmental Externality Assessment
American Petroleum Institute—Prepared a study reviewing the theoretical and empirical bases
for the “damage functions” in climate change integrated assessment models used to derive
estimates of the social cost of carbon (SCC). Submitted to OMB docket on the Federal
government’s SCC values with API’s comments.
Utility Air Regulatory Group—Prepared a white paper describing the multiple sources of
uncertainty when estimating the SCC, and describing the extent to which the Federal
Government’s SCC values have addressed those uncertainties. Submitted to OMB on the
Federal government’s SCC values with UARG’s comments.
Utility Air Regulatory Group—Review and technical critiques of EPA’s risk analyses for ozone
health effects associated with the 2014-2015 ozone NAAQS rulemaking proceedings, including
sensitivity analyses of EPA’s health impacts estimates using the BenMAP model.
Electric Power Research Institute (EPRI)—Prepared review and weight-of-evidence summary of
relative risks from all published epidemiological papers on chronic, long-term exposure mortality
risk in the U.S. from ambient PM2.5. Reviewed how EPA’s BenMAP model can be enhanced to
serve better function as a risk analysis support tool. Results, with quantitative sensitivity
analyses, reported in a paper now accepted for publication pending minor clarifying revisions.
Gibson Dunn and Crutcher—Prepared an expert report on uncertainties in the application of
BenMAP to the estimation of health impacts from PM2.5 and on techniques for estimating
willingness to pay for changes in mortality risk (VSL and VSLY evidence). Analysis used in
expert testimony in a New Source Review lawsuit.
Utility Air Regulatory Group—Performed a review of environmental benefits estimates for all
major EPA air-related rulemakings since 1997, and of EPA’s regulatory impact analysis
practices dating back to the 1980s that identified the emergence and expansion of EPA’s reliance
on PM2.5 co-benefits in non-PM rulemakings, such as ozone. Prepared a report identifying areas
for improvement in EPA’s regulatory impact analyses and for improving the credibility of EPA’s
PM2.5 health risk calculations.
Utility Air Regulatory Group—Reviewed and technically critiqued health effects literature for
ambient PM2.5, with focus on potential errors in the statistical inferences being used as the basis
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for risk and benefits estimates associated with the proposed PM NAAQS. Supported UARG
with expert testimony on risks in public hearings and before the EPA Science Advisory
Committee (CASAC). Also made technical presentations to senior EPA staff in a non-public
setting on risk assessment methodology.
Southern Appalachian Mountains Initiative—Led a team of expert economists and sociologists
to advise SAMI’s multi-stakeholder group on the state of the art in valuing changes in air
quality-related values, and provided guidance for SAMI to plan a comprehensive socioeconomic
impact assessment of alternative emissions management options for the southeastern region of
the United States. Valuation techniques covered included ecosystem-related changes, visibility,
recreation, health, materials, agro-forestry, lifestyle changes, and reliability. Also provided
guidance on options and techniques for assessing economic impacts and distributional impacts.
EPRI—Managed the design and implementation of a full-scale contingent valuation survey to
estimate willingness to pay (WTP) for improvement in regional haze conditions in scenic vistas
in the Eastern U.S. The survey explored the sensitivity of stated willingness to pay to different
questionnaire formats. Results were found to be sensitive to alternative ways of reminding
respondents of their personal budgets.
Electric Power Research Institute—Participated in a group of experts advancing the state of
knowledge regarding appropriate ways of estimating societal value associated with ecosystem
impacts of global climate change.
U.S. Environmental Protection Agency—Interdisciplinary review and critique of considerations
for valuing ecosystem-related impacts of climate change.
Nuclear Electric, plc, U.K.—Reviewed and critiqued existing and on-going efforts to value the
externalities of different electricity fuel cycles. Prepared a research plan in this area for the
client to address data gaps in valuing environmental externalities of power.
U.S. Environmental Protection Agency—Performed risk assessment of the health effects of
ambient carbon monoxide, using physiological modeling and decision analysis, in support of the
National Ambient Air Quality Standards-setting process.
Integrated Assessment and Benefit-Cost Studies
Texas Commission on Environmental Quality—Written comments on the benefit and cost
comparisons of the proposed Clean Power Plan, with re-evaluation of the way in which costs and
benefits were presented in the regulatory impact analysis. Included assessment of the timing of
the benefits associated with the social cost of carbon (SCC).
Electric Power Research Institute—Prepared a framework integrating scientific and economic
models and data to assess the cost-effectiveness of alternative mercury emissions control
policies. Prepared paper demonstrating the framework for two alternative utility sector
emissions policies, including emissions trading versus a MACT standard.
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U.S. Environmental Protection Agency—Investigated practical implementation issues for using
emissions trading to address global climate change goals, and compared emissions trading to
other incentive mechanisms.
U.S. Environmental Protection Agency—Developed multi-criteria decision support tool for
evaluation of strategies for anticipatory adaptation to climate change. Applications developed
for sea level rise, water resources, and agriculture. Led case study applications in Egypt and
New York.
Electric Power Research Institute—Review of literature on infectious disease risks from
changing climate and development of plan for integrated assessment framework to address the
risk.
Electric Power Research Institute—Developed model of heat-related illness risks and mitigation
risk management.
U.S. Environmental Protection Agency—Documentation of integrated assessment tool, the
Policy Evaluation Framework (PEF), and evaluation of alternative climate policy timing
strategies using PEF.
Grand Canyon Visibility Transport Commission—Led the development of the GCVTC’s
integrated assessment model, its associated database of emissions control measures, and
projected baseline of visibility conditions in the southwestern region of the United States; also
applied a 15-region REMI model of the western United States to assess the macroeconomic
impacts of alternative visibility management strategies generated through use of the integrated
assessment system.
Reason Public Policy Institute—Assessed health benefits, costs, and regional economic impacts
of proposed NAAQS for particulate matter and ozone. Uncertainty analysis on health damage
functions and benefits valuation was also part of this assessment. Report was cited in Supreme
Court briefs in American Trucking Association v. EPA.
National Acid Precipitation Assessment Program—Managed Integrated Assessment of the
NAPAP program, coordinating analysis activities of researchers in emissions, atmospheric
modeling, and effects assessment. Prepared materials impacts assessment sections of IA.
Economic Impact Analyses
American Coalition for Clean Coal Electricity—Co-led the prepared an analysis of the costs and
electricity sector impacts of EPA’s proposed Clean Power Plan, including state specific
electricity rate impacts.
National Rural Electric Cooperatives Association—Led an assessment of the potential impacts
of the proposed Clean Power Plan on natural gas demand increases, with a qualitative evaluation
of potential concerns with ability of the natural gas infrastructure to serve increased regional
demands in the near term.
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National Association of Manufacturers—Led development of method for assessing
macroeconomic impacts of Federal debt levels using the NewERA computable general
equilibrium model. Used it to estimate the national, regional, and state economic impacts of two
carbon tax policies whose revenues would be used for both debt reduction and income tax rate
reductions.
Tri-State Generation and Transmission Association, Farmington Electric Utility System and El
Paso Electric—Prepared analysis of costs of altered utility system operations, oil and gas sector
retrofits, and projected offsets supplies to reduce emissions under two different greenhouse gas
policies adopted by the State of New Mexico. Also performed an analysis of the macroeconomic
impacts of estimated the compliance costs using a REMI model. Analysis was submitted as
expert testimony in hearings on the repeal of the rules.
Ameren Missouri—Developed a probabilistic method for the company’s integrated resource plan
of 2008. Worked with stakeholders to incorporate their comments and issues; wrote requests for
approval of approach to the Missouri Public Service Commission; conducted expert elicitations
of Ameren content experts; and led modeling to generate multiple probabilistic scenarios of
future market conditions, which were a foundation for the company’s final IRP analysis. Was
engaged to also support the company’s 2011 IRP, using the same technical approach that was
developed for 2008.
Edison Electric Institute, EPRI, other industry organizations, and private corporations—
Developed an integrated modeling framework for assessing costs and economic impacts of
multi-pollutant emissions trading policies in the U.S. Framework incorporates a bottom-up, unitlevel model of U.S. electricity sector with a top-down macroeconomic model of the U.S.
economy at large. Submitted formal comments on cost and impact analyses of the Clean Air
Mercury Rule (CAMR), and the Clean Air Interstate Rule (CAIR).
Several clients—Since 2003, have analyzed the costs and economic impacts of most of the
climate bills being proposed to cap U.S. greenhouse gas emissions using a computable general
equilibrium model, MRN-NEEM. Analyses have included estimates of impacts to society at
large, and to value of assets owned by individual companies. Also projected carbon allowance
prices and demand for carbon credits/offsets.
Reason Public Policy Institute—Used a multi-region REMI national model to assess economic
impacts, including regional competitiveness effects, job loss/creation by sector, income impacts,
and equity/distributional impacts. Uncertainty analysis on health damage functions and benefits
valuation was also part of this assessment.
U.S. Environmental Protection Agency—Developed engineering-based model (GEMINI-US)
integrating environmental and energy-economy feedbacks, for use in evaluating a range of
regulatory options to control greenhouse gases; this effort involved a detailed analysis of energy
subsidy impacts.
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Nuclear Electric, plc, U.K.—Led development of Gemini-UK model of UK greenhouse gas
emissions and greenhouse gas control options. Used model to assess value of future nuclear
generation in achieving UK carbon dioxide emission targets.
Business Decisions and Economic Risk Management
Confidential private equity firm—For an equity firm considering a fund investing in carbon
offsets, characterized the range of alternative US carbon policy outcomes and the associated
financial risks of the investment.
Southern Company—Supported senior executives of the company in the planning and
development of its May 2005 report to shareholders on climate policy business risk assessment.
Activities included the modeling of climate policy scenarios, integration of results into internal
corporate analyses, and participation in presentations to the board of directors.
[Confidential Diversified Energy Company]—Assessed the sensitivity of profitability to
potential climate policy of the individual business operations across the varied operations of a
large diversified energy company. This effort enabled an integrated and internally-consistent
view of overall corporate risks and opportunities associated with carbon.
U.S. Department of Energy—Assessed risks to public and workers at and surrounding sites
within DOE’s nuclear weapons complex, for input into a DOE Report to Congress. Compared
occupational safety and health impacts associated with alternative site remediation plans.
US Department of Agriculture, Food Safety and Inspection Service. Worked closely with USDA
staff to develop a risk ranking system to support a risk-based procedure for allocating
Department resources for sampling for contaminants across the entire US food supply.
Cooperative Research Network of National Rural Electric Cooperative Association—Prepared
report explaining business opportunities and strategies for cooperative utilities as participants in
upcoming NOx emissions trading programs.
[Confidential Power Companies]—Developed real options analysis for developing corporate
emissions trading compliance strategies, accounting for regulatory and market uncertainties. An
application to NOx identified ways to reduce company’s compliance costs by over $60 million.
Petro-Canada—Prepared a company-wide assessment of the firm’s business strategy and
recommended adjustments in light of potential new developments in air quality and climate
change policy. Developed real-options analyses for specific asset development projects that
were presented to the firm’s CEO and executive team.
Comision Federal de Electricidad, Mexico—Developed utility-company emissions control
strategies in the context of integrated energy planning for Mexico.
Stanford University—Developed laboratory worker protocol for air toxics health risk
management plan, including statistical design for ambient monitoring program.
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EXECUTIVE SUMMARY
A.

Background on This Proceeding and Relevance of This Report

In response to a motion from the Clean Energy Organizations (CEO), 1 the Minnesota
Public Utilities Commission (the “Commission”) has reopened its investigation into
appropriate environmental cost values for the State of Minnesota to use in resource
planning under Minn. Stat. § 216B.2422. The CEO recommended adopting Social Cost
of Carbon (SCC) estimates that have been developed by an Interagency Working Group
(IWG) convened by the Federal government as Minnesota’s environmental cost values
for carbon dioxide (CO2), on the grounds that it would update the Commission’s CO2
environmental cost values with “current” climate change science, and with the added
assertion that the IWG’s SCC estimates “are well-developed and supported by numerous
peer-reviewed studies.” 2 Following this motion, and after conducting stakeholder
meetings, the Minnesota Department of Commerce and the Minnesota Pollution Control
Agency (the Agencies) recommended to the Commission not only that it adopt SCC
estimates developed by the IWG, but also that it adopt the specific set of annual SCC
values that the IWG estimated using a 3% discount rate. 3
The Commission has referred this matter to the Office of Administrative Hearings (OAH)
for a contested case hearing under Commission Docket No. E-999/CI-14-643 to review
evidence supporting potential updated environmental cost values for Minnesota. I was
retained to review the methods of estimating a SCC and the assumptions used by the
IWG to estimate the SCC value that the Agencies have recommended, and to provide
expert opinion on whether those assumptions are appropriate for the Minnesota
requirements. After an initial review, the scope of my retention was expanded to include
my opinions on an alternative range of estimates of environmental cost values that would
be more appropriate for Minnesota to apply under Minn. Stat. § 216B.2422. This report
contributes to the analysis of CO2 environmental cost values in this proceeding in several
ways, as described below.
First, the report summarizes the review of the methods by which the proposed SCC
estimates are calculated using integrated assessment models (IAMs), and evaluates the
relevance of those types of calculations for meeting the needs of Minnesota to develop
CO2 environmental cost values for use in its electricity generation resource planning. In
making this evaluation, this report considers how the Federal SCC calculations compare
to a faithful application of a damage cost approach. This report also considers the degree
1

Memorandum in Support of Clean Energy Organizations’ Motion to Update Externality Values for Use in
Resource Decisions, E999/CI-00-1636, Oct. 9, 2013.

2

Ibid., pp. 18-19.

3

Comments of the Minnesota Department Of Commerce and the Minnesota Pollution Control Agency
before the Minnesota Public Utilities Commission, Docket No. E999/CI-00-1636, Jun. 10, 2014, pp. 9-10.

1
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to which more up-to-date science has been incorporated into the IAMs’ damage functions,
and provides information relevant to the questions of the practicability of establishing
environmental cost values for CO2 under Minnesota law and how to avoid unnecessary
speculation when doing so.
Second, this report provides a summary and evaluation of specific analysis framing
decisions that were made by the members of the IWG when using IAMs to estimate the
Federal SCC values. It explains how these framing decisions are not based in science and
cannot be evaluated through objective or empirical means, but are actually subjective
judgments. The report explains the range of judgments that can be made, and evaluates
each in light of the need to avoid excessive speculation in the resulting environmental
cost estimates and their appropriateness to the state of Minnesota. The report also
provides quantitative sensitivity analysis showing the effect of each of these framing
decisions on the SCC estimate.
Third, this report provides recommendations on the most appropriate analysis framing
assumptions for use in the current proceeding to avoid the undue speculation in the
Federal SCC estimates, to align with the specific application to resource planning
decisions in Minnesota, and to be consistent with the requirements of the Minnesota law.
A range of CO2 environmental cost values is provided that implements the
recommendations.
The values comprising this range are computed using the same IAM models that the
Federal IWG used, without any modification to the scientifically-based relationships or to
the subjective judgments of the IAM model developers that are embedded in the IAM
formulas. They thus allow for the adoption of CO2 environmental cost values for
Minnesota based on revised SCC estimates determined using the same IAMs as the IWG
used.
However, the overall insight that one should develop from a close reading of this report is
that SCC estimates are unreliable as a basis for making public policy decisions about how
to manage climate risks. Alternative approaches, such as avoided cost of control, may at
this time be more reliable and less subject to undue speculation.

B.

How SCC Estimates Are Derived

A SCC estimate is intended to represent the present value of a monetized estimate of the
impact on a society from the incremental changes in climate that are projected to result
from an increment of CO2 added to global greenhouse gas (GHG) emissions in a
particular year. The SCC is usually stated in dollars per ton of CO2, but the calculation
can be based on any quantity of change in emissions: to calculate it on a per-ton basis,
one takes the difference in the estimate of present value of the society’s welfare with and
without a specific increment of emissions (i.e., tons), and divides that difference by the

2
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specified incremental number of tons. It is usually calculated assuming the increment of
tons occurs only in a specific year, and thus the $/ton estimate is usually stated for a
specific year, such as 2015 or 2020. 4
The fundamental computation for any single SCC estimate is of two streams of
monetized future societal welfare outcomes starting from the year that an increment of
CO2 would be emitted: one without that increment and one with it included in the global
emissions projection. Calculating these two projections of societal welfare is complex
and involves linking projections of phenomena relevant to multiple different research
disciplines. Consistency and quality control become issues in the face of such large
numbers of calculations, even when the linkages are conceptually straightforward.
Sensitivity analyses also become important given the many uncertainties in each step. To
allow multiple computations to be performed quickly and consistently, analysts have
developed a type of model called an “integrated assessment model” for climate change. 5
Although the specifics vary, key elements of the SCC calculation are found in all of the
IAMs that have been used to compute the Federal SCC estimates. These include:
1. The IAMs require a projection of all global GHG emissions, by year, that will
have been emitted before the SCC year in question, and that will be emitted
(whether or not the increment in question is emitted) over the entire length of time
(“horizon”) over which the SCC is being estimated.
2. The radiative forcing on which projected temperature increases depend is then
computed from these projected global emissions. For each future year of the
model run, the change in temperature from today is computed with and without
the specified increment in emissions.
3. The estimate of future temperature levels is then inserted as an input into one or
more “damage functions” that are intended to provide a monetary estimate of
societal welfare in each future year as a function of temperature increase relative

4

The SCC might be stated in dollars per metric ton, or dollars per short ton. A metric ton is about 10%
greater than a ton or short ton. In this paper, I will use the spelling “tonne” to denote when I am referring
to a metric ton. The IWG’s SCC estimates are reported in $/tonne, and my own estimates will also be
reported in $/tonne, for comparability. Note that the environmental cost values currently in place for
Minnesota are stated in $/short ton. I will continue to use the spelling “ton” when I am referring to a
generic unit of weight that could be stated in metric or short tons.

5

“Models” are computerized tools for calculating specific estimates. They are valuable when computations
need to be performed repeatedly with assurances of consistency. The term “integrated assessment” refers
to the fact that these models simulate phenomena that are normally the focus of multiple different
disciplines (such as physical science and economics), and they create a single consistent (“integrated”) set
of projections. The three IAMs used by the IWG are named DICE, PAGE, and FUND. There are other
IAMs for analyzing climate change, but the others are not designed to compute a monetized estimate of
the damages from GHG emissions and thus are not relevant to this discussion.

3
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to pre-industrial levels 6 or as a function of some physical condition that is a
function of temperature, such as sea level rise (SLR). 7 A critical input that drives
the damage estimate is the projected baseline economic forecast of gross domestic
product (GDP), a fixed percentage of which is assumed to be consumed in each
year, and which is used as a measure of the dollar value of societal welfare in
each future year if there were no temperature change relative to pre-industrial
levels. The IAMs’ damage functions combine the baseline economic forecast
with the two streams of projected future temperature from step 2 to project future
annual economic activity. The difference between the forecasted economic
activity and the baseline level of economic activity yields the welfare impact for a
scenario.
4. The differences in the two projected welfare impacts for each year out to the
model horizon are then converted to a present value using a user-specified
discount rate, and divided by the specified amount of tons by which the emissions
forecast was changed to calculate the welfare impact on a per ton basis; the result
is the estimate of the SCC in $/ton.

C.

Uncertainties and Speculation

Clearly, there are many highly uncertain inputs to these calculations. Some of the
assumptions reflect available scientific and economic evidence that is subject to varied
interpretations, and hence are uncertain. Other assumptions are entirely judgmental.
Some judgments are made by modelers when relevant scientific evidence does not exist
but some numerical value is needed to complete the SCC calculation. Other judgmental
inputs reflect normative concepts that are impossible to evaluate in an empirical manner.
Some judgments are embedded in the computer code of the IAM and others are selected
by the IAM user.
IAMs for evaluation of climate policy options were under development before 1990,
although few focused on calculating a marginal cost per ton emitted, which is the type
that can be used to produce SCC estimates. In this report, I describe features that are
typical of SCC-calculating IAMs in general, while providing specific examples from the
three IAMs that the IWG has adopted. Of the models used by the IWG, the first version
6

“Pre-industrial level” temperature is not specifically quantified. Rather, the IAMs assess the amount of
change in temperature that they predict will occur in each year given specific amounts of historical and
future accumulation of manmade GHG emissions. These temperature changes are projected for each year
that the model simulates, starting from an input assumption determining the amount of temperature
change that had already been incurred due to historical emissions at the time of the first modeled year.

7

As is discussed in more detail in the body of the report, some of the damage estimates in some of the
models are a function of a measure of physical effect that is estimated to result from temperature increase,
most commonly SLR. In the case of one model, FUND, some of the damage functions also account for
rate of increase in temperature change and/or the atmospheric concentration of CO2.
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of DICE was introduced in 1992, containing much of the same structure and key
elements that remain in DICE today (Nordhaus, 1992a, 1992b). The first version of the
PAGE model was also introduced shortly after 1990 (Hope et al.¸1993), and FUND by
1995 (Tol, 1996). These IAMs have been used and repeatedly revised since, with results
of analyses that have been done using them described in peer-reviewed articles. However,
all of their SCC estimates are strongly determined by a relatively small set of judgments
about input assumptions that cannot be subjected to empirical validation or other
objective evaluation, particularly for projected temperature changes above 3 oC and for
damages in the far future.
IAM damage functions are simplified formulas that only loosely follow the methodology
that is known as the “damage function method.” The formulas do not use a full set of
“dose-response” relationships between climate outcomes and physical measures of
resource changes that can then be assigned monetary values, but for the most part
calculate loss of societal value directly from temperature change levels. 8 In many cases
(FUND being the exception), the damage functions also aggregate multiple different
types of resource impacts into a single value estimate. This leaves no ability to determine
how much of the final damage estimate is due to any particular type of physical impact,
such as agriculture, energy, health, etc. 9
IAMs’ simplified formulas are not just “aggregate” in nature, but they also embody
extensive subjective judgment that may be founded on reasoned belief, but not on
empirical evidence. Starting from limited actual scientific and economic evidence on
current societal values of resource impacts associated with relatively small historical
variations in temperatures, IAM damage functions extrapolate to assign monetized
estimates of damages to climate change impacts in the far future and from much larger
temperature increases than observed since industrialization began. The monetized
damages that account for a bulk of an IAM’s SCC estimate are projected to occur so far
in the future that it is mere speculation how much people will actually care about (i.e., be
willing to pay for) any particular type of physical resource. (And, as noted, two of the
three IAMs do not identify most of the types of resource impacts they are purporting to
be valuing, which further adds to the speculation.)
8

There are exceptions. For example, PAGE and the version of DICE used by the IWG (i.e., DICE 2010)
project the physical amount of SLR, and then value those physical changes. However, all other portions
of their societal loss estimates are derived from temperature change, without an intervening calculation of
the amount of physical change in the resources being valued. FUND has separate damage functions for
each specific type of resource that it attempts to evaluate, but most of them also lack an explicit estimate
of the physical change that is being assigned monetized value. Societal value change is generally based
on change in projected GDP ( GDP), but for some non-market impacts, the damage function directly
calculates changes in willingness to pay ( WTP) without reference to any market-based loss that would
be reflected in GDP.

9

Again, PAGE and DICE 2010 aggregate together all types of damages except for SLR. FUND, however,
has separate damage functions for each major type of resource impact, albeit not all of them with physical
measures of the impacts explicitly calculated.
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D.
Differences Between IWG’s SCC Estimates and Those Adopted by the
Commission in 1997
This study has also found that the IAMs’ current damage functions are starting from
quantitative relationships that are almost identical to those that were available and
explicitly incorporated into the choice of Minnesota’s current externality value for CO2 in
1997. In 1997, the Commission established its current range of CO2 environmental cost
values based on evidence submitted into the record by Mr. Ciborowski of the Minnesota
Pollution Control Agency (MPCA):
•

that empirical evidence indicates a 2.5 oC increase in temperature is expected to
cause a reduction in global GDP of about 1% to 2%, 10

•

that certain researchers are of the professional opinion that those damages would
approximately double under a 4 oC temperature increase, 11 and

•

that global average temperature will increase to about 4 oC by 2100, if emissions
proceed to grow as projected. 12

The IAMs’ damage functions themselves still start from estimates of economic losses for
various historically-observed temperature changes of 3 oC or less, which serves as their
evidentiary (i.e., empirical) basis. Although there are more published papers on such
empirical relationships than there were in the 1990s, the overall conclusions that can be
drawn from that literature are not much different than at the time of the prior proceeding.
Indeed, in the most recent version of the DICE model (“DICE 2013R”), the
documentation for the damage curve lists data points from multiple empirical studies.
Half of those studies were themselves published in the 1990s, and reflect much the same
evidence and authors as referenced by Mr. Ciborowski. The remaining studies were
published between 1997 and 2006, but these still find impacts that center around a 1%
GDP impact for a 2.5 oC temperature increase. 13
The newer scientific studies since the 1990s that now serve as a basis for IAM damage
functions have not substantially increased the estimates of likely damages from relatively
small temperature increases; nor have they provided scientifically-based data to inform
the shape of the damage function at temperature increases above 3 oC. Thus, even today,
the primary basis for the IAMs’ estimates of the monetary value of damages from
temperature changes exceeding about 3 oC remains the professional opinion of certain
10

Rebuttal Testimony of Peter Ciborowski, E-999/CI-93-583, p. 40, Table 4, footnote (b).

11

Ibid., p. 24.

12

Ibid., pp. 24-5 (i.e., the “IPCC mid-range scenario” later referenced in Table 4, footnote (a)).

13

Nordhaus and Sztorc, 2013, pp. 11-12.
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researchers; reflecting this fact, DICE developers Nordhaus and Sztorc note in describing
their most recent version of DICE: “In reality, estimates of damage functions are virtually
non-existent for temperature increases above 3 °C.” 14 In fact, the newest DICE damage
function assumes that damages at 4 oC will be approximately double those at 2.5 oC,
essentially the same as what Mr. Ciborowski assumed for the CO2 environmental cost
values calculations in the prior proceeding. 15 (This investigation of the IWG’s SCC
calculations also finds that the scenarios that the IWG has used project a median
temperature increase by the year 2100 that is in the ballpark of 4 oC, again very similar to
the assumptions through 2100 of Mr. Ciborowski.)
Thus, there may be more scientific confidence today that CO2 emissions will lead to
changing climatic conditions, giving some people greater confidence that a damage value
for CO2 emissions does exist. Additionally, some IAMs now attempt to more
quantitatively represent higher risk outcomes associated with higher-than-2.5 oC
temperature levels – a concern that Mr. Ciborowski noted as omitted but did not attempt
to quantify. 16 However, the damage functions in the IWG’s IAMs are still founded on
limited empirical evidence, the broad implications of which are very similar to damage
relationships assumed in the 1990s, including by Mr. Ciborowski. What is new is the
way the IWG has framed its analysis, causing the resulting SCC estimates to be much
more heavily dependent on aspects of the IAM damage functions that are well beyond
any evidentiary basis and much further into the realm of extrapolation and subjective
judgment than the estimates made by Mr. Ciborowski.
Given this lack of substantive change in the underlying empirical basis for the IAMs’
damage functions, one might ask why the IWG’s SCC estimates are so much higher than
those that Minnesota selected in 1997. The explanation lies primarily in a few
differences between how the IWG analysts framed their SCC analyses and how the
damage valuation was framed in the prior proceeding in Minnesota. These differences
are not of a scientific nature, are not open to scientific or objective empirical testing, but
reflect the judgments of the group of analysts convened as the Federal IWG.
Specifically:
•

The IWG decided to assume that the ton that would be subjected to consideration
for removal via use of a SCC value should be assessed a damage value as if it
would be the last ton to be added to the growing global emissions inventory.
However, any actual change in climate risk (and hence expected global welfare)
will require global action to achieve much larger reductions than a relative few at
the margin. Any one emitter’s tons that would remain under a global reduction

14

Ibid., p. 11.

15

Rebuttal Testimony of Peter Ciborowski, E-999/CI-93-583, pp. 23-4.

16

Ibid., p. 25.
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plan should be valued like every other emitter’s tons, which suggests either a
marginal damage estimate assuming the emissions are on the globally-controlled
target trajectory, or an average damage of all the tons emitted. These values are
lower than the damage of the last incremental ton in a business-as-usual (BaU)
baseline, as assumed by the IWG. In the prior proceeding, the Commission
adopted an average cost per ton approach. 17
•

The IWG decided to use an analysis horizon of the year 2300 rather than the year
2100 that formed the basis of the current Minnesota externality values. This
injects an additional 200 years of very far-future estimates of societal economic
values into the SCC estimate. Uncertainties in such projections aside, this
decision resulted in a large fraction of their scenarios implicitly (and
unrealistically) assuming an advanced society that chooses to endure temperature
changes that rise higher than 10 oC above pre-industrial levels by 2300 without
taking any technological response.

•

The discount rate to use is exceptionally important to the SCC estimate, but also
non-scientific. The last proceeding relied on discount rates ranging from 3% to
5% — a range that remains reasonable today for an analysis that wishes to rely on
evidence-based estimates of how people actually do make trade-offs between
consumption today versus in the future. The IWG used this range too, although in
doing so, the IWG ignored Federal guidance pertaining to the use for which its
SCC values were intended “that a real discount rate of 7 percent should be used as
a base case for regulatory analysis.” 18 The IWG decided to expand its discount
rate range to also include a 2.5% discount rate, giving weight to a purely
normative view that people today should not discount the welfare of people who
will not be living until future centuries, even though people do discount their own
consumption decisions, which is also inconsistent with the guidance applicable to
the intended use of Federal SCC values. By giving weight to a normative rather
than purely descriptive approach to estimating discount rates, the IWG widened
the range of SCC estimates in the upward direction relative to the purely
descriptive approach to choosing the discount rate that was adopted in the prior
proceeding. 19

17

The Commission uses units of dollars per short ton for its environmental cost values; whereas the IWG
reports its SCC values in the units of dollars per metric ton (or “tonne”.) A metric ton is about 10%
greater than a ton or short ton. As stated above, for simplicity and ease of readability, I use the term tons
when talking generically about units of mass.

18

OMB, 2003, p. 33. (See also OMB, 1992, p. 9.)

19

By ignoring that discount rates higher than 5% are justifiable (indeed, required under guidance for
Federal regulatory impact analyses) if private sector spending is needed to gain the benefits (see OMB
(1992, 2003), the IWG also omitted a set of lower SCC estimates.
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These decisions by the IWG on how to frame their analysis raises the SCC values relative
to those that would result from a framing more like that which Minnesota chose in 1997.
If the IWG analysis were to be done with analytic framing consistent with Minnesota’s
1997 decisions, their range of SCC estimates would be much closer to the environmental
cost values approved by the Commission in 1997 than to the values recommended by the
Agencies. Thus, the higher Federal SCC values do not primarily reflect a higher state of
scientific knowledge than was available at the time that the Commission adopted its
current SCC values; half or more of the increase reflects subjective opinions of the
members of the IWG that result in the IAM damage functions having to rely more
heavily on extrapolation that ultimately amounts to sheer speculation and lacks
evidentiary foundation. As this report will explain in greater detail, I conclude it is
appropriate for Minnesota to continue to use framing decisions for the above three issues
similar to those in its original proceeding.

E.

Additional Concerns for Use of SCC Estimates for Minnesota

I have also identified two additional concerns with the appropriateness of the Federal
SCC estimates for application to Minnesota resource planning: the failure to account for
the likelihood of leakage of tons that may offset any reductions from Minnesota’s
electricity generation, and the use of a global measure of climate-related damages.
•

An estimate of SCC is for a ton that is actually removed from or added to the
global emissions inventory. If one entity reduces its emissions by 100 tons, but
another entity reacts by increasing its emissions by 75 tons, the actual change in
global emissions is only 25 tons. In this case, the damage cost value of the action
to reduce the 100 tons would be only 25% of the SCC. That is, whatever value
one might estimate for a SCC on a $/ton basis, estimation of societal benefits
using that $/ton is correct only if it is multiplied by the net change in global tons.
Potential leakage must be accounted for when assessing emissions reduction
actions. It can occur for national policies, but the rate of leakage becomes
increasingly large as the actions take place only at a state or local level. Leakage
could be nearly 100% in the case of reductions in emissions from electricity
generation in a single state that is interconnected with power from other states that
are not imposing comparable policies. Thus, whatever CO2 externality value
Minnesota selects on a $/ton basis, it should be multiplied by the quantity one
minus the leakage rate. The leakage rate accounts for the net tons of Minnesota’s
controls after accounting for a realistic, analytically-based estimate of offsetting
emissions increases outside of Minnesota.

•

In the 1997 decision, Minnesota opted to calculate its CO2 externality value to
include potential losses to welfare of people globally. This was based on the view
that climate impacts from Minnesota’s emissions will occur globally. This was
decided despite evidence that Minnesota’s actions to reduce its emissions would

9
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effectuate no actual incremental reduction of global climate impacts, nor engender
international agreements to take action at the global scale necessary to produce
climate benefits. Even at the Federal level at which the IWG was working, the
argument to make decisions about national policy costs based on global rather
than national (“domestic”) benefits is highly questionable as a matter of economic
theory. However, the small case that can be made for doing that in Federal policy
making does not apply to an individual State. The Federal government can
engage in international negotiations to develop a global agreement and domestic
policy prescriptions that take a global perspective might help support such
negotiations. Constitutionally, individual States cannot enter into international
treaties and this single reason to use global benefits for making domestic policy
decisions does not exist at the state level. Thus, an appropriate estimate of the
benefits to Minnesotans from Minnesota-specific actions to reduce CO2 should
take the domestic perspective. To do otherwise hurts the interests of Minnesota’s
population and economy while providing no actual benefit globally – regardless
of the estimates of global welfare changes that IAMs’ simplistic damage functions
may calculate from infinitesimally small projected changes in global temperature.
To have any realism, SCC estimates require action to actually occur on an
international scale.

F.
Conclusions on Appropriate SCC-Based Estimates of CO2
Environmental Cost Values for Use in Minnesota’s Resource Planning
I have thus summarized five areas of concern with the assumptions that have been
employed by the IWG for its estimate of the SCC. None of these concerns are criticisms
of the scientific assumptions in the models themselves; they are entirely about analytical
framing that is in the hands of, and the responsibility of, every IAM user. Some of the
IWG group’s judgments are highly speculative or diverge from a descriptive approach
into a normative perspective that cannot be supported by objective economic or scientific
criteria. In other cases, the IWG group’s judgments are inappropriate for the State of
Minnesota, even if one might argue in their favor from a national policy making
perspective. The body of this report will more thoroughly discuss the role of these
analytical framing judgments, and what judgments would be appropriate for identifying
environmental cost values to use in electricity generation resource planning for the State
of Minnesota to serve the best interests of Minnesota’s residents. The issues that will be
discussed are:
1. The appropriate assumption about which ton to treat as marginal for purposes of
Minnesota’s efforts to control CO2 emissions;
2. The appropriate length of model horizon;
3. The appropriate choice of discount rate;
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4. The appropriate geographic scope for climate damages; and
5. The appropriate way to account for potential leakage of emissions.
When the totality of these issues are considered, one can make a strong case that IAMbased estimates of SCC do not provide a sound method for guiding either national or
state level decisions regarding climate policy. However, in the event the ALJ or the
Commission determine the SCC approach should be adopted, I have provided specific
estimates of SCC values that are derived using the same three models that the IWG used,
with alternative assumptions for the first four of the issues listed above; additionally,
these alternative SCC estimates should be multiplied by the quantity of one minus the
leakage rate as this will ensure that the SCC accounts correctly for the net tons of
reduction from any specific reduction action being considered.
A full set of sensitivity analyses for the SCC estimates are provided to help the ALJ and
all participants in this proceeding gain insight about how the issues that I have raised
affect the SCC estimates. However, recognizing that in some cases there remains a range
for appropriate assumptions, I recommend that the following ranges of assumptions are
most appropriate for environmental cost values for CO2 based on a SCC calculation that
would be applied to electricity resource planning in Minnesota:
•

Damages from emissions that Minnesota chooses to avoid or eliminate in an effort
to show leadership in responding to climate change should be valued either as if
they were the first incremental anthropogenic GHG ton to be emitted (going
forward in time), or (at worst) as the marginal ton at a level of global emissions
control somewhere between zero future emissions and a very large cumulative
emissions reduction. To more appropriately estimate the marginal damages to be
used as environmental cost values for Minnesota, I recommend setting the upper
bound as the average of the marginal damage estimates from the first to the last
ton. This marginal damage is consistent with a baseline with a very significant
reduction in global emissions relative to BaU, but far less than a zero-emissions
policy.

•

Estimates of damages from emissions that Minnesota may choose to avoid or
eliminate should not extend through the next 300 years. Any attempt to assign a
monetary value to changes in resources after about 100 years from the present is
an exercise in pure speculation. Any attempt to value damages associated with
temperature changes well above 4 oC is also fraught with speculation. But of
equal concern is the manner in which the IWG’s IAM analysis assumes that not a
single additional action will be taken on the part of the rest of the world, even as
the IAMs’ projected temperatures under the IWG’s scenarios would be observed
to rise towards and past 2 oC, and indeed, even as they exceed 4 oC and continue
to rise towards well over 10 oC. Any attempt to value damages associated with
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more than about 4 oC that does not account for human reactions starting to take
effect is unrealistic. Furthermore, the environmental cost estimates of concern for
this proceeding are to address only tons that will be emitted in the next decade or
so, and those tons are not the primary determinants of the IAM scenarios’
projected temperature changes that occur beyond about 2100. SCC values for
resource planning decisions affecting power generation over the next decade
therefore should be calculated using a time horizon limited to 2100, or (at most)
2140.
•

Future damages should be discounted in a manner that is descriptive of actual U.S.
citizens’ preferences for consumption, and in selecting an appropriate range of
discount rates, some consideration should be given to the fact that there will be
opportunity cost associated with the private sector spending to reduce emissions
that might be motivated by the SCC, but which has been omitted from the SCC
calculations. Economists most consistently estimate the consumption rate of
interest in the range of 3% to 5% per year, with a slightly wider range of values
under relatively extreme assumptions. Given that estimates of the consumption
rate of interest below 3% are based on unconservative assumptions (or reliance on
ethical prescriptions lacking evidentiary foundation), I recommend that the lower
bound of the discount rate used for Minnesota be 3%. Although I recommend 5%
as the minimum upper end of the range because that rate can be justified solely on
the basis of consumption rate of interest estimates (as the IWG itself did), I note a
higher value could be justified.

•

Minnesota should not include global benefits when evaluating investments whose
costs they alone will bear in the absence of any reciprocal agreements with the
major contributors to global emissions. In the absence of even national policy
that would provide reciprocal agreements with other U.S. states, Minnesota
should consider only its own in-state impacts, and (at most) U.S.-wide damages.
To give a rough sense of the scale of what Minnesota-specific environmental cost
values might appear to be, if one were to assume that its damages might be
roughly proportional to Minnesota’s share of the U.S. GDP, its share of the
domestic-only SCC estimate would be lower by a factor of more than 50. 20
Because I have not prepared my own estimates of Minnesota-specific damages, I
recommend that estimates of environmental cost values for Minnesota, if based on
the IAM models, should be limited to SCC estimates considering U.S. damages
only. Although these are certainly an overstatement of Minnesota-specific impacts,
they are more appropriate to use than a SCC based on global damages.

20

U.S. Bureau of Economic Analysis, “Table 1. Real GDP by State, 2010-2013.” Available:
https://www.bea.gov/newsreleases/regional/gdp_state/gsp_newsrelease.htm.
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•

Any SCC estimate should be applied only to the net tons that Minnesota may
reduce globally, which would be the direct reduction that Minnesotans would pay
for minus estimated increases in emissions that are projected to occur outside of
Minnesota as a result of its own control efforts.

The result is a range of potential SCC values that I recommend for use as environmental
cost values under the Minnesota law. The recommended range of 2020 SCC values is
$1.62/net tonne to $5.14/net tonne. 21 These values are in 2014$, and are per metric ton of
CO2, to be applied to estimates of the net emissions reduction, based on a careful analysis
of the potential extent of leakage that would ensue from the reductions in Minnesota’s
electricity sector emissions. For example, if leakage is projected to be 30%, the
estimated tons that would be directly reduced by Minnesota should be discounted by 30%
(i.e., multiplied by 0.7) before being multiplied by the environmental cost values. In this
example of 30% leakage, the range for the environmental cost of carbon could be stated
as $1.13/tonne to $3.60/tonne of direct change in Minnesota’s in-state emissions.
In stating my recommended range for SCC values, I state the values in $/net tonne
because I have not conducted a study to estimate the likely level of leakage to convert
these environmental cost values into $/tonne that utilities could apply directly to their
own projected emissions. Additionally, the Commission may wish to allow estimation of
likely leakage to be done on a case-by-case basis, as it may differ depending on the
resource plan change being considered. By setting its environmental cost values in terms
of $/net tonne, this proceeding can thus be completed without first determining an
appropriate leakage assumption.
If the ALJ wishes to set a range for the Minnesota resource planning CO2 environmental
cost values based on the SCC methodology and employ the same three IAMs that the
IWG has used, my recommended values avoid excessive speculation and I conclude are
consistent with the best interests of Minnesotans. Although I justify the judgments that
have led to my recommendation for the above range in this report, I also provide all of
my individual sensitivity analysis estimates of the SCC, to serve the interests of
transparency and promote further insight about how SCC estimates work.
In conclusion, however, I believe that the primary insight that one should develop from a
close reading of this report, is that SCC estimates are unreliable as a basis for making
public policy decisions about how to manage climate risks. Alternative approaches, such
as avoided cost of control, may at this time be more reliable and less subject to undue
speculation.

21

Net tons are equal to (1-percent leakage) x (# direct tons).

13

Exhibit ___ (AES-D-2)
MPUC Docket No. E-999/CI-14-643
OAH Docket No. 80-2500-31888

I.

BACKGROUND AND OVERVIEW OF REPORT

A.

The Initial Determination for a CO2 Environmental Cost Values Range

On August 1, 1993, the Laws of Minnesota 1993, Chapter 356, Section 3 became
effective. This law, codified as Minn. Stat. § 216B.2422, requires that the Commission
“to the extent practicable, quantify and establish a range of environmental costs
associated with each method of electricity generation." 22 The law requires each utility to
use the values in conjunction with other external factors when evaluating resource
options in all proceedings before the Commission.
The Commission’s environmental cost values are to be used in resource selection
proceedings by providing estimates of cost of resource options at the following three
levels:
(1) the direct cost of resources without regard to environmental externalities,
(2) the direct cost plus the minimum values in the ranges specified in this
proceeding, and
(3) the direct cost plus the maximum values in the ranges specified in this
proceeding.
These values do not apply to decisions regarding the dispatch of electric power from
existing facilities. 23
The Commission adopted the ALJ’s recommended range of costs for CO2 emissions of
$0.30/short ton to $3.10/short ton (1995$), which were based on the MPCA witness Mr.
Ciborowski’s lower damage function (1% of global GDP), discounted at rates of 5%
(lower end $0.30/short ton) to 3% (higher end $3.10/short ton). 24 The Commission used
Mr. Ciborowski’s lower damage function because it felt it was well supported in the
record, specifically citing the studies of Nordhaus and Fankhauser. The Commission
commented on Mr. Ciborowski’s higher damage function (2% of global GDP) saying that
this level of damages lacked factual support in the record and was “highly speculative
given the available evidence.” 25
To compute the global externality damages, Mr. Ciborowski used the existing economic
literature and discounted the costs to current values. Then, he divided that amount by the
22

Minn. Stat. § 216B.2422 Subd. 3(a).

23

Order Establishing Environmental Cost Values, E999/CI-93-583, pp. 33-4.

24

Ibid., p. 33. Note these values are in 1995 dollars.

25

Ibid., p. 27.
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amount of long-term CO2 emissions to arrive at an average cost per ton. The analysis for
the loss in global GDP extended through 2100. After estimating the damage stream, Mr.
Ciborowski discounted this stream using discount rates of 1, 2, 3, and 5 percent. The
Commission found that the weight of authority in the record supported a range of at least
3% to 5% for reducing future environmental damages to present value. Therefore, the
Commission’s adopted range of CO2 values in the Order were calculated using 3% for the
high end figure and 5% for the low end figure. 26
The Commission promulgated another Order on July 2, 1997, which reaffirmed the cost
of carbon values put forth in its January 3, 1997 Order. 27 These were the cost of carbon
values used by the electricity providers until 2001, at which time, the Commission
ordered the costs to be escalated by the inflation rate. The computation of the costs has
followed this guidance to date.

B.

Memorandum to Reopen

In October 2013, the CEO submitted a Notice of Motion to re-open Docket No.
E-999/CI-93-583 and update the externality values for use in resource decisions. As the
basis for their notice, they claimed that the externality values established in 1996 and
amended in 2001, are “no longer supported by scientific evidence.” 28
To support its position, the CEO submitted a Memorandum in Support of their Motion to
update the externality values used in utilities’ resource decisions. 29 In support of their
claim that the science had changed, the memorandum cites the 2013 report of Polasky
and Goodkind, Health and Environmental Costs of Electricity Generation in Minnesota,
which the CEO had commissioned. This study identifies ranges of externality values for
criteria pollutants and GHGs based on information and studies developed after the
Commission’s 1996 decision.
The CEO argued that:
The Legislature passed Minn. Stat. §216B.2422, subd. 3 to account for the true
costs of pollution from electricity generation. The cost estimates that the
Commission and utilities use must be based on the best scientific evidence
available. However, this motion and the supporting Polasky/Goodkind Report
demonstrate that the environmental cost values the Commission uses today do not
26

Ibid.

27

Order Affirming in part and Modifying in part Order Establishing Environmental Cost Values, E999/CI93-583, Jul. 2, 1997.

28

Clean Energy Organizations’ Notice of Motion and Motion to Update Externality Values for Use in
Resource Decisions, E999/CI-00-1636, p. 1.

29

Memorandum in Support of Clean Energy Organizations’ Motion to Update Externality Values for Use
in Resource Decisions, E999/CI-00-1636, Oct. 9, 2013.
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reflect current scientific and economic understanding of the costs of pollution. At
present, the Commission is not carrying out Minnesota’s environmental costs
statute, either by the statute’s terms or in its spirit. 30
In valuing costs of GHG emissions, the Polasky and Goodkind report recommends that
the SCC damage estimates developed by the Federal government’s IWG are appropriate
for use in Minnesota power plant decision-making and should be used in Minnesota.
They specifically recommend a range of $11/tonne to $55/tonne (2010$). 31 The CEO
Memorandum states this range is preferred because the Federal government’s estimates
“are well-developed and supported by numerous peer-reviewed studies,” and would
represent an update to reflect “current science quantifying climate change impacts.” 32

C.

Reopening the Investigation

In February 2014, the Commission granted the CEO’s motion to reopen the
Commission’s investigation into environmental and socioeconomic costs under Minn.
Stat. § 216B.2422, subd. 3. 33 But rather than accept all the CEO’s recommendations,
including their proposed SCC values, the Commission decided the case would best be
resolved in a contested case proceeding conducted by the Office of Administrative
Hearings (OAH).
Prior to submitting the case to OAH, the Commission requested that the Department of
Commerce’s Division of Energy Resources (the Department) and the MPCA convene a
stakeholder group to address the scope of the investigation, whether to retain an expert
under Minn. Stat. § 216B.62, subd. 8, and the possible role of an expert, should one be
retained.
The Agencies held a stakeholder meeting and provided the Commission with
recommendations after that stakeholder process did not result in consensus on key
issues. 34 The Agencies’ key recommendations pertaining to the SCC were:
•

Adopt the SCC values developed by the IWG as the environmental cost of CO2
using one of the lower discount rates used by the IWG, 35 but if not, then approve

30

Ibid., pp. 17-8.

31

Polasky and Goodkind, E999/CI-00-1636, p. 4.

32

Memorandum in Support of Clean Energy Organizations’ Motion to Update Externality Values for Use
in Resource Decisions, E999/CI-00-1636, pp. 18-9.

33

Order Reopening Investigation and Convening Stakeholder Group to Provide Recommendations for
Contested Case Proceeding, E999/CI-00-1636, Feb. 10, 2014.

34

Comments of the Minnesota Department of Commerce, Division of Energy Resources and the Minnesota
Pollution Control Agency, E999/CI-00-1636, Jun. 10, 2014.

35

More precisely, the Agencies recommended that the Commission adopt the 3% discount factor values as
the Commission’s CO2 externality value (Staff Briefing Papers, E999/CI-14-643, p.10).
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retention of a consultant to assist the Agencies in evaluating CO2 externality
values.
•

Establish a set of required damages (e.g., health, non-health) that parties should
include in any CO2 estimates they propose in the record.

•

Specify that any externality values proposed by parties should be damage values,
not compliance costs, willingness-to-pay/accept, or other value types. 36

•

Require that proposed CO2 value estimates offered by parties to be considered in
the investigation must account for global damages rather than local (state-based)
or national damages.

•

Request that parties propose ways to update their preferred CO2 value in the
future.

The Commission then solicited comments on the Agencies’ recommendations. Many
commenters contested the recommendation to adopt the IWG’s SCC values. Taking the
stakeholders comments and the Agencies recommendations into account, the
Commission issued a Notice and Order for Hearing (October 15, 2014), initiating a
contested case proceeding before the OAH “to determine whether the Federal Social Cost
of Carbon is reasonable and the best available measure to determine the environmental
cost of CO2 and, if not, what measure is better supported by the evidence.” 37 In this
Notice and Order, the Commission directed the parties to use, at least initially, a damage
cost estimate to determine the CO2 environmental cost.

D.

The Relevance of This Report

This report contributes to the analysis of CO2 environmental cost values in this
proceeding in several ways, as described below.
First, it summarizes the review of the methods by which the proposed SCC estimates are
calculated using IAMs, and it evaluates the relevance of those types of calculations in
meeting the needs of Minnesota to develop CO2 environmental cost values for use in its
electricity generation resource planning. In making this evaluation, it considers how the
Federal SCC calculations compare to a faithful application of a damage cost approach. It
also considers the degree to which more up-to-date science has been incorporated into the
IAM damage functions, and provides information relevant to the questions that the ALJ
36

I infer from other parts of the record that the term “willingness-to-pay/accept” used here is referring to
revealed political preference, and not to willingness to pay to avoid physical damages from climate
change, which is a fundamental component of a typical damage cost approach. (See, for example,
Triangle Economic Research, E-999/CI-93-583, p. 1.)

37

Notice and Order for Hearing, E999/CI-14-643, p. 4.
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and Commission should consider regarding practicability and the avoidance of
unnecessary speculation in calculating environmental cost values under the Minnesota
law.
Second, this report provides a summary and evaluation of specific analysis framing
decisions that were made by the members of the IWG when using IAMs to estimate the
Federal SCC values. It explains how these framing decisions are not based on science
and cannot be evaluated through objective or empirical means, but are actually subjective
judgments. The report explains the range of judgments that can be made, and evaluates
each in light of the need to avoid excessive speculation in the resulting environmental
cost estimates and their appropriateness to the State of Minnesota. The report also
provides quantitative sensitivity analysis showing the effect of each of these framing
decisions on the SCC estimate.
Third, this report provides recommendations on the most appropriate analysis framing
assumptions for use in the current proceeding to avoid evidence of undue speculation in
the Federal SCC estimates, to align with the specific application to resource planning
decisions in Minnesota, and to be consistent with the requirements of the Minnesota law.
A range of resulting CO2 environmental cost values is provided that adopts the
recommendations.
The values comprising this range are computed using the same IAM models that the
Federal IWG used, without any modification to the scientifically-based relationships or to
the subjective judgments of the IAM model developers that are embedded in the IAM
formulas. They thus allow for the adoption of CO2 environmental cost values for
Minnesota based on revised SCC estimates determined using the same IAMs as the IWG,
if the Commission concludes that the approach to estimating an externality value should
be based on the type of integrated assessment modeling that was used by the IWG.
However, the overall insight that one should develop from a close reading of this report is
that SCC estimates are unreliable as a basis for making public policy decisions about how
to manage climate risks.

E.

Organization of This Report

The rest of this report is organized as follows:
•

Section II explains what the IAMs that have been used by the IWG do and how
their computations relate to the concept of a damage cost approach. It also
explains the basis of a key IAM element, the “damage function,” in scientific
evidence, and how that element extrapolates beyond available scientific
knowledge.
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•

Section III then reports on the NERA team’s own use of those same IAMs to
replicate the IWG’s SCC values when using all of the same judgments about
critical input assumptions that the IWG adopted. The fact that I report on this
replication step does not imply that I endorse the IWG’s judgments or the
resulting SCC estimates.

•

Section IV then summarizes this study’s independent alternative estimates of the
SCC using the same IAMs but applying alternative sets of analysis framing
decisions, and develops my recommended range of environmental cost values for
Minnesota, if they must be based on IAM calculations.

•

Sections V through VIII discuss four critical framing judgments of the IWG that I
conclude should be made differently for this proceeding. These sections explain
each issue, provide my rationale for alternative assumptions, and report how the
alternative judgments affect the SCC values that the IWG calculated.

•

Section IX discusses how potential leakage should be accounted for in the use of
any SCC values that may be adopted.

•

Section X provides my recommendations.

19

Exhibit ___ (AES-D-2)
MPUC Docket No. E-999/CI-14-643
OAH Docket No. 80-2500-31888

II.
REVIEW OF INTEGRATED ASSESSMENT MODEL
DAMAGE FUNCTIONS AND THEIR SCIENTIFIC BASIS
IAMs for evaluation of climate policy options were under development before 1990,
although few focused on calculating a marginal cost per ton emitted, which is the type
that can be used to produce SCC estimates such as the IWG has adopted. Of the models
used by the IWG, the first version of DICE was introduced in 1992, containing much of
the same structure and key elements that remain in DICE today (Nordhaus, 1992a,
1992b). The first version of the PAGE model was also introduced shortly after 1990
(Hope et al.¸1993), and FUND was introduced by 1995 (Tol, 1996). These IAMs have
been used and repeatedly revised since, with results of analyses that have been done
using them described in peer-reviewed articles. However, all of their SCC estimates are
strongly determined by a relatively small set of judgments about input assumptions that
cannot be subjected to empirical validation or other objective evaluation, particularly for
projected temperature changes above 3 oC and for damages in the far future.
Before proceeding with replicating the IWG’s SCC values and performing a series of
sensitivity analyses on the SCC value, it is important that readers of this report have a
basic understanding of how IAM models compute SCC values. In particular, the SCC is
widely described as representing a damage function approach. The most common
concept of a damage function approach, however, is quite different from that applied in
the IAMs that produce SCC estimates, and it is important that this difference be
understood. Information provided in this section is more fully developed in a report that I
prepared in February 2014, and which was submitted to the docket that the Office of
Management and Budget (OMB) opened for public comment on the IWG’s SCC
values. 38 I am submitting that study as an attachment to this report.

A.
The Damage Function Approach vs. the IAM Damage Functions for
Calculating a SCC
A SCC estimate is intended to represent the present value of a monetized estimate of the
impact on a society from the incremental changes in climate that are projected to result
from an increment of CO2 to global GHG emissions in a particular year. The SCC is
usually stated in dollars per ton of CO2, but the calculation can be based on any quantity
of change in emissions. To calculate it on a per-ton basis, one takes the difference in the
estimate of present value of the society’s welfare with and without a specific increment of
emissions (i.e., tons), and divides that difference by the specified incremental number of
tons. It is usually calculated assuming the increment of tons occurs only in a specific
year, and thus the $/ton estimate is usually stated for a specific year, such as 2015 or
2020.

38

OMB has not taken action since opening the docket for public comment.

20

Exhibit ___ (AES-D-2)
MPUC Docket No. E-999/CI-14-643
OAH Docket No. 80-2500-31888
The fact that IAMs calculate SCC values using a specified “damage function” may seem
to align with the “damage cost approach” that is the preferred standard of the
Commission for setting its CO2 environmental cost values. It is worth considering the
meaning of the term “damage functions” in IAMs, and also the definition of the “damage
function approach,” which has long been used in benefits analyses for the Federal
government. The “damage function method” refers to a bottom-up method of calculating
benefits from regulations, for example, in federal regulatory impact analyses (RIAs). 39 In
terms of environmental benefits analysis, the Environmental Protection Agency’s (EPA)
Guidelines for Regulatory Impact Analysis (EPA, 1983) characterizes the process of
estimating environmental benefits of pollutant regulation as an effect-by-effect logical
chain, with economic valuation as the final step, to be applied after specific forms of
adverse physical effects have been quantified:
The benefits of decreased pollution are the resulting improvements in
health and aesthetics and reductions in damages to plants, animals, and
materials. To measure benefits, one must ordinarily follow a chain of
events from (1) the release of pollutants by industry, households,
agriculture, and municipal sources to (2) the impact of these releases on
ambient quality to (3) exposures of people, plants, animals, and materials
through various media (air, water, etc.) to (4) the adverse effects to (5),
when feasible, what people would pay to avoid these effects. 40
An appendix to EPA’s 1983 Guidelines that elaborates on the above method specifically
labels the above process the “damage function method” and then explicitly characterizes
the method as entailing a separation between scientific research and economic research:
This method is based on a dose response function. It relates changes in a
pollutant to physical changes in receptor organisms or materials. The
value of the physical changes is then estimated by an appropriate
method. 41
...
The damage function method explicitly distinguishes the scientific (doseresponse) and economic valuation components of benefit estimation. 42
Although the precise terms differ, the Commission’s use of the term “damage cost
approach” appears to refer to the same concept as EPA’s “damage function method.” For

39

Federal regulatory impact analyses are documents that provide estimates of the costs and benefits of
proposed and final rulemakings by executive branch agencies of the Federal government. RIAs are
required under an Executive Order of the President (Executive Order 12866) for every major rulemaking.

40

EPA, 1983, p. M5.

41

EPA, 1988, p. A-5.

42

Ibid., p. A-9.
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example, Staff Briefing Papers describe the damage cost approach as having three linked
steps that parallel the descriptions of the damage function method provided above:
1) Link emission to air quality change: model the resulting change in air
quality resulting from the incremental emission of a pollutant spatially
across the entire area where that emission has an impact;
2) Link air quality change to impacts: model the resulting change in
health impacts (and potentially non-human impacts as well) spatially
across the entire area where there is an air quality change;
3) Estimate monetary value of impacts: translate these changes in health
impacts (and potentially non-human health impacts) into monetary
values. The sum of these values will be the marginal damage cost of the
incremental emission. 43
Although the examples in the quote are tied to criteria pollutant values, SCC estimates
are also considered to be based on the damage cost approach, as can be seen in
“Department Table 1” of Staff Briefing Papers. 44
Figure 1 illustrates a flow of analysis that one might expect to find in a damage cost (or
damage function) approach for climate change, with labeling to match the five steps
listed in the quote above from EPA’s 1983 Guidelines for Regulatory Impact Analysis.
Although the items noted in the figure are not a complete list, the key point is that after
atmospheric and geo-physical impacts are simulated, the analyst would make estimates of
the physical impacts to a range of resources and amenities that are considered to be
potentially impacted by changing climate. These calculations would involve “doseresponse” functions. Once the resource impacts have been estimated, economic
relationships would be employed to estimate the change in societal value of those
resource changes. This might be valued by consideration of changes in productivity (and
hence in GDP) or by direct assessment of societal “willingness to pay” for some types of
resource changes. (To obtain a $/ton estimate, the change in aggregate welfare associated
with a different quantity of emissions assumed in Step (1) would be divided by the
difference of tons of emissions.)

43

Staff Briefing Papers, E999/CI-14-643, p. 6.

44

Ibid., p. 9.
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Figure 1. Climate Change IAM Structure Following a Traditional Damage Function
Method

A study of the IAM damage functions, however, finds that they are simplified formulas
that largely circumvent a key attribute of the damage function approach. In large part,
the models do not use “dose-response” relationships between climate outcomes and
physical measures of resource changes that can then be assigned monetary values, but
instead calculate loss of societal value directly from temperature change levels. This kind
of aggregation is illustrated in Figure 2 below, which can be contrasted to the detailed,
science-based approach shown in the prior figure. Such aggregation largely eliminates
the essential separation of physical damage estimates and the valuation of society’s
willingness to pay to avoid those damages that is considered a defining characteristic of
the damage function approach. To the extent that aggregated damage functions are
employed by an IAM, it becomes very difficult to know exactly what types of damages
are even included in a particular SCC estimate.

Figure 2. Structure of Climate Change IAMs Used for Estimating SCCs
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An example of complete aggregation can be found in most versions of the DICE model,
where the measure of societal damage is calculated as a percent change in GDP that is a
very simple function of change in temperature (ΔT). An example from the version of
DICE called DICE 2013R is: 45
ΔGDPt = 0.00267 x (ΔTt)2
where ΔGDPt stands for the percent change in GDP in a given year “t,” and ΔTt stands
for change in temperature in that year “t.” The IAMs used in IWG (2013) are not as
completely aggregated as in the conceptual illustration of Figure 2. However, the degree
of aggregation is very large in two of the three IAM models (i.e., DICE and PAGE).
More specifically:

45

•

For DICE 2010, which is used in IWG (2013), the damage function includes an
aggregated damage function like the one above, but also includes a term that
accounts for the damage caused by SLR where the physical amount of SLR is a
function of the change in temperature. 46 Thus, the damage function in DICE
2010 did include one physical measure of damage, SLR, but all other monetary
losses were still a function of temperature increase only. The SLR module that
appeared in DICE 2010 has since been removed in the more recent version of
DICE, DICE 2013R.

•

For PAGE09, which is the version used in IWG (2013), the damage function is
comprised of four types of impacts: SLR, economic impacts from temperature
change, non-economic impacts from temperature change, and a discontinuity term.
All impacts are specified as a percentage change in GDP. The economic and noneconomic impacts are polynomial functions of ΔT. 47 The SLR impact is a
polynomial function of an estimated physical change in sea level. Although there
are other features in the PAGE damage calculation that add complexity, the only

Nordhaus and Sztorc, 2013, p. 100.

46

The equivalent polynomial in DICE 2010 that includes SLR is D=( a0 x ΔT+ a1 x ΔT2 + b0 x SLR + (b1
x SLR)2 ), where a0=0.0000816, a1 =0.00205, b0=0.00518 and b1=0.00306. However, to get the percent
loss in GDP, D is first transformed into D/(1+D); this transformation is done to create an S-shaped
damage curve, which cannot exceed 100% of total GDP. (For further explanation of this transformation,
see Smith et al., 2014, pp. 16-20. DICE 2013R is the only version of DICE that does not contain this
transformation.)

47

In PAGE09, the polynomial is of the form D=(a0 x ΔT + (a1 x ΔT)a2 ), where the parameters a0, a1, and
a2 are selected probabilistically for each of the 10,000 Monte Carlo runs. Although this creates an
uncertainty range around this damage function’s shape, it is still an aggregated damage function. There
are also adjustments made so damages do not exceed 100% of GDP. There is also a term to account for
potential discontinuity such as the melting of the Greenland ice sheet. If the discontinuity is triggered,
then this term also results in a loss in GDP. For further description of PAGE’s damage function, see
Smith et al., 2014, pp. 15, 19, and 26-7; Hope, 2011, p. 7.
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actual physical damage that is estimated before being monetized (in the manner of
the usual notion of the damage cost approach) is SLR.
•

B.

Only one of the three IAMs used by the IWG (i.e., the FUND model) assesses
multiple values separately for many different types of physical resources. FUND
version 3.8, has eight impact categories: agriculture, forestry, water resources,
energy consumption (space heating/cooling), SLR, ecosystems, human health
(diarrhea, vector-borne diseases, cardiovascular/respiratory mortality), and
extreme weather (tropical storms, extra-tropical storms). 48 Some of the individual
damage functions in FUND involve sub-models predicting physical changes (i.e.,
SLR and health impacts) that are then valued, but the separation of estimation of
physical damage estimates and monetary valuation is missing for the other
damage functions, even though the specific physical effects that they represent are
individually identified. In spite of having a more bottom-up approach, FUND still
faces the same issues with limited empirical evidence as a basis for choosing the
damage function parameters. For example, the water resources impact category
in FUND is calibrated to results from the mid-1990s which, in a 2002 paper, Tol
refers to as being incomplete and “the model used… is therefore ad hoc.” 49

Role of Subjective Judgment and Speculation in IAMs

The IAMs’ simplified formulas are not just “aggregate” in nature, but they also embody
extensive subjective judgment that may be founded on reasoned belief, but not on
empirical evidence. Starting from limited actual scientific and economic evidence on
current societal values of resource impacts associated with relatively small historical
variations in temperatures, the IAM damage functions extrapolate to assign monetized
estimates of damages to climate change impacts in the far future and from much larger
temperature increases than observed since industrialization began. The monetized
damages that account for a bulk of an IAM’s SCC estimate are projected to occur so far
in the future that it is mere speculation how much people will actually care about (i.e. be
willing to pay for) any particular type of physical resource. (And, as noted, two of the
three IAMs do not identify many of the types of resource impacts they are purporting to
be valuing, which further adds to the speculation.)
Additionally, I have reviewed the assumptions made to develop the CO2 environmental
cost values that Minnesota adopted in 1997, and found that those assumptions are not
much different from those implicit in the current IWG analyses. Specifically, in 1997,
the Commission established its current range of CO2 environmental cost values based on
evidence submitted into the record by Mr. Ciborowski of the MPCA:

48

Anthoff and Tol, 2014, pp. 34-47.

49

Tol, 2002b, p. 142.
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•

That empirical evidence indicates a 2.5 oC increase in temperature is expected to
cause a reduction in global GDP of about 1% to 2%. 50

•

That certain researchers are of the professional opinion that those damages would
approximately double under a 4 oC temperature increase, 51 and

•

That global average temperature will increase to about 4 oC by 2100, if emissions
proceed to grow as projected. 52

Mr. Ciborowski cited four studies to support his statement that a 1% to 2% GDP damage
could be expected from a 2.5 oC increase in temperature. These are listed in the top
(shaded) segment of Figure 3. A valid question is whether the evidence supporting the
IAMs’ damage functions has evolved sufficiently since that time to support updating
Minnesota’s environmental cost values for CO2 using those damage functions. It is
instructive to consider the evidence that Professor Nordhaus (the developer of the DICE
IAM) has relied on for the damage function in his most recent version of the DICE model
(DICE 2013R). 53 The data points he relied on to estimate his DICE 2013R damage
function are listed in the bottom (unshaded) segment of the figure. About half of the data
are from studies that were themselves published in the 1990s, and they reflect much the
same evidence and authors as referenced by Mr. Ciborowski. The remaining studies
were published between 1997 and 2006, but these still find impacts that center around a
1% GDP impact for a 2.5 oC temperature increase.

50

Rebuttal Testimony of Peter Ciborowski, E-999/CI-93-583, p. 40, Table 4, footnote (b).

51

Ibid., p. 24.

52

Ibid., pp. 24-5 (i.e., the “IPCC mid-range scenario” later referenced in Table 4, footnote (a)).

53

This is a more recent model than the version of DICE used for the IWG SCCs, DICE 2010.
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Figure 3. Comparison of Empirical Evidence Relied on in Previous Minnesota Proceeding
and the Set of Studies Relied on in Calibrating the Damage Function of the Most Recent
Version of DICE (i.e., DICE 2013R).

As noted, the 13 data points in the bottom panel of the above figure are the empirical
evidence Professor Nordhaus has used to “calibrate” the damage function in his DICE
2013R model. Figure 4 provides a graph of the data points (the pink circles), and the
damage function that he fit to these data is the lower smooth green curve. 54 Two major
assumptions were made when specifying that damage function. First, it has a functional
form that does not allow any beneficial effects to be associated with the very smallest
amounts of temperature increase. Thus, the possibility of GDP improvement (e.g.,
around 1 oC) is not captured in the shape of the curve. Second, it has a fixed quadratic
shape, which means that the GDP loss will increase in proportion to the square of the
temperature increase. This not only gives the formula its curvature but also forces it to
have a very specific curvature through these data and far beyond. What one can observe
is that the curve fits the data poorly for the data points that range between 1 oC and 3 oC,
and then it becomes a purely hypothetical extrapolation for any damages that occur
above 3 oC. Acknowledging this lack of evidentiary basis, Nordhaus and Sztorc (the
DICE modelers) write, “In reality, estimates of damage functions are virtually nonexistent for temperature increases above 3°C.” 55
54

Professor Nordhaus adjusts the damage curve fitted to the data upwards by an arbitrary 25% to account
for a concern that some potential impacts have not been accounted for in the data. The upper green line is
thus the actual damage curve used in his IAM.

55

Nordhaus and Sztorc, 2013, p. 11.
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Figure 4. Illustration of Damage Function in Most Recent Version of DICE, and the
Empirical Data to Which the Damage Function Has Been Fitted

As speculative as this seems, this is precisely the situation in all the IAMs used by the
IWG. Other IAMs assume different degrees of curvature, but they all simply assume
some amount of curvature and use that to extrapolate the damages that occur at
temperatures higher than where the scientific data end — at 3 oC. As the data and
examples above show, the empirical foundation for their damage functions (i.e., before
the extrapolations that allow them to operate above 3 oC) is very similar to that used in
the earlier proceeding in which Minnesota established its current CO2 environmental cost
values.
Thus, the newer scientific studies since the 1990s that now serve as a basis for IAM
damage functions have not substantively increased the estimates of likely damages from
relatively small temperature increases; nor have they provided scientifically-based data to
inform the shape of the damage function at temperature increases above 3 oC. In fact, the
newest DICE damage function illustrated in the figure above assumes that damages at
4 oC will be approximately double those at 2.5 oC, just as Mr. Ciborowski assumed in the
1990s. Thus, even today, the basis for temperature changes in the range exceeding about
3 oC remains an extrapolation from known data by the IAM developers.
While there may be more scientific confidence today that CO2 emissions will lead to
changing climatic conditions, giving some people greater confidence that a damage value
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for CO2 emissions exists, there is no new basis in economics for a computation of the
societal value consequences of such CO2 increases. Some IAMs now attempt to more
quantitatively represent higher risk outcomes associated with higher-than-2.5 oC
temperature levels – a concern that Mr. Ciborowski noted as omitted but did not attempt
to quantify. 56 However, the damage functions in the IWG’s IAMs are still founded on
limited empirical evidence, the broad implications of which are very similar to damage
relationships assumed in the 1990s, including by Mr. Ciborowski. What is new is not the
evidentiary foundation of the damage functions, but the way the IWG has framed its
analysis and user inputs, causing its resulting SCC estimates to be much more heavily
dependent on aspects of the IAM damage functions that are well beyond any empiricallybased information and much further into the realm of extrapolation and subjective
judgment than the estimates made by Mr. Ciborowski.
What is different between Mr. Ciborowski’s estimates and those of the IWG is in the
framing of the calculations? First, the analyses of the IWG extend to 2300, whereas the
current CO2 environmental cost estimates were based on estimates of damages out to
2100. The IWG did not give a reason for this trebling of the time span covered by its
calculations. In response to a likely argument that a 300-year time horizon is necessary
because a portion of the climate impacts of emissions today may linger for far longer than
100 years, one should consider the vast degree of extrapolation and speculation that this
then places on the IAM damage functions, especially considering the effect of the nonlinear (e.g., quadratic) damage functions contained in the IAMs.
For example, the above discussion has shown that the IAM damage functions are fit to
very limited and unclear empirical evidence of a relationship for temperature at 3 oC and
less, and then are unfounded in empirical evidence for higher temperature increases. Mr.
Ciborowski’s analysis projected about a 4 oC temperature increase by 2100, which placed
a modest amount of extrapolation pressure on his damages calculations. For the five
socioeconomic scenarios that the IWG used in its SCC estimation, the median
temperature change by 2100 is in the range of 2.1 oC to 4.5 oC. 57 Interestingly, this is
about the amount of change that Mr. Ciborowski assumed as well. However, in a large
fraction of the IWG runs, projected temperatures can be much larger even by 2100
because the IWG treated the climate sensitivity parameter 58 as probabilistic, allowing it
to range as high as 10. Thus, a substantial fraction of the IWG’s SCC calculations
involve temperature increases exceeding 4.5 oC even by 2100, and in some cases by as
56

Rebuttal Testimony of Peter Ciborowski, E-999/CI-93-583, p. 25.

57

We calculated this by running all three IWG IAMs with each of the five IWG socioeconomic scenarios,
but with the equilibrium climate sensitivity input parameter fixed at the IWG’s median value of 3. The
ECS value Mr. Ciborowski cited was 2.6 (Ibid., p. 39). See Appendix B for details of the resulting
evidence on the IWG scenarios’ temperature projections.

58

The climate sensitivity or equilibrium climate sensitivity (ECS) parameter is a simple single parameter
value, but it determines how high the global average temperature increase will be (at the steady-state
equilibrium level) when atmospheric concentrations of CO2 are double pre-industrial levels.
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much as 9 oC. 59 The probabilistic treatment of the ECS parameter in the IWG analysis
thus results in substantial extrapolation of the damage curve even before 2100.
Even ignoring for argument’s sake the impact of the probabilistic approach to the ECS
parameter through about 2100, the speculation about damages associated with the 2300
horizon used in the IWG calculations is unacceptably large. Even for the median ECS
assumption used by the IWG (and excluding the 550 ppm stabilization “5th” scenario), by
2200 temperature increases are between 4.8 oC and 7.7 oC, and temperature increases are
between 5.2 oC and 9 oC by 2300. Furthermore, at the 90th percentile of the ECS
assumption, by 2200, temperatures for four of the five socioeconomic scenarios are
ranging from 7.7 oC to over 15.2 oC, and they range from 8.9 oC to nearly 17.5 oC by
2300.
Projections of temperature change this large are certainly a cause for concern, but SCC
estimates that are calculated using projected temperature increases this large reflect the
speculation of the IAM modelers about damage levels more than they reflect empirical
evidence about potential damages. Furthermore, the temperatures get that high not
because of emissions over the next decade, but because of a continued accumulation of
unabated global emissions growth long after the projected temperature changes start to
reach unacceptably high levels. There is no provision in any of the IWG scenarios for
societal response to the worst-case levels of ECS. 60 That there is no learning or response
in those scenarios is unrealistic even over 100 years and is just implausible for assessing
societal damages in a period 200 to 300 years from now.
Thus, the IAMs may provide useful computational efficiency, but the IWG has used them
in a way that is out of line with any realistic view of how actual climate change, if it turns
out to be consistent with pessimistic views, will be addressed by society. The more
pessimistic of the IWG’s temperature projections are a result of the models’ computations
that could be expected given the IWG’s fixed projections of GDP and emissions, and the
high values the IWG assumed possible for the ECS. However, a good analyst observing
such results would quickly realize the error in the IWG’s analytic framing. The IWG’s
analysis forces the emissions projections that drive those very high temperature outcomes
to remain unchanged through the entire 300-year modeling horizon, no matter how high
the scenario shows temperature to have risen. This is equivalent to assuming that a
59

Appendix B also provides details of this analysis’s findings on the IWG temperature projections when
the ECS parameter is set at the 90th percentile level assumed in the IWG analyses (i.e., ECS=5.86). These
temperatures are as high as 9 oC by 2100 in the case of the PAGE model.

60

The models do provide for some measure of a generic form of “adaptation,” but nothing that reflects a
rethinking of global climate policy in light of inordinately large accumulating damages. There is neither a
response in the form of rapid emissions reductions in the face of unacceptably high observed temperature
changes, nor any form of technological response such as geoengineering of the climate to reduce the
temperatures rapidly. Although geoengineering is viewed by many as a highly undesirable method for
managing climate risks, it would most certainly be re-thought in the face of actual temperature increases
in the ranges that are being assumed in the IWG analyses in the years after 2100.
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wealthy and growing society will sit by and accept (for up to 300 years) any amount or
rate of temperature change that they may find occurring without any technological
reaction.
The temperature projections that underlie the IWG’s SCC estimate are not provided in
the IWG’s reports (IWG, 2010 and 2013). The use of IAMs in such a “black box”
manner is one of the greatest downsides of having useful computational tools of that sort.
The challenge of adapting the IAMs to enable a more realistic set of societal response
scenarios — combined with the impossibility of anticipating societal preferences for
various types of resources well over 100 years in the future — makes them unhelpful in
guiding broad climate policy decisions, and makes them inappropriate for guiding
isolated investment decisions in the near term. The IWG’s SCC estimates, as framed, are
thus not economically reliable.

31

Exhibit ___ (AES-D-2)
MPUC Docket No. E-999/CI-14-643
OAH Docket No. 80-2500-31888

III. THE IWG ANALYSIS AND THE NERA PROJECT TEAM’S
REPLICATIONS
A.

IWG Analysis

The impetus for the IWG came from a Federal Appeals Court decision directing the
Department of Transportation to update one of its RIAs to include an estimate of the SCC.
The IWG was convened in 2009 61 to develop estimates of the SCC for use in all the RIAs
that are required of executive agencies under Executive Order 12866, which mandates
that Federal agencies assess the economic effects of their proposed significant regulatory
actions, including consideration of whether a regulation’s benefits justify its costs. In
February 2010, the IWG on SCC released its estimates of the SCC in its report:
Technical Support Document: Social Cost of Carbon for Regulatory Impact Analysis
under Executive Order 12866 (IWG, 2010). As stated in this report, the purpose of
estimating the SCC is “to allow agencies to incorporate the social benefits of reducing
carbon dioxide (CO2) emissions into cost-benefit analyses of regulatory actions that have
small, or “marginal,” impacts on cumulative global emissions.” 62 Nowhere is there
mention of the IWG intending the SCC’s use in state utility integrated resource planning.
The IWG analysis made use of then-current versions of three IAMs: DICE, FUND, and
PAGE. Using these three models, the IWG decided to estimate the value of the SCC
under the following judgmental choices for framing their task: to estimate damages with
a global geographic scope under annual discount rates of 2.5%, 3%, and 5% with a time
horizon extending to 2300, to be applied to incremental tons to be emitted in years in the
near future.
The IWG considered five different forecasts for economic growth, GHG emissions, and
population growth, called their “socioeconomic scenarios.” The IWG’s socioeconomic
scenarios include information on GDP per capita, CO2 and non-CO2 emissions, and
population for all regions included in each IAM. Four of the IWG forecasts are taken
directly from the baselines of the following models used in Stanford University’s Energy
Modeling Forum #22 (EMF 22) modeling exercise: IMAGE, MERGE, MESSAGE, and
MiniCam. The IWG constructs its fifth forecast by averaging the 550 ppm scenarios that
were produced by the four models for the EMF 22 modeling exercise. The EMF 22
forecasts go out to 2100, but the IWG extended these forecasts to 2300 using its own
judgments.
61

The IWG included participation from the following government agencies: 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, and Department of the Treasury.

62

IWG, 2010, p. 1.
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From all five scenarios considered, the IWG selected four SCC values for each year that
could be used in Federal RIAs. Three of the IWG’s SCC values reflect the simple
average of SCC estimates from the three IAMs using the five socioeconomic scenarios (a
total of 15 individual SCC estimates) at the three selected discount rate levels. The fourth
IWG SCC value represents the average of the 95th percentile worst-case SCC estimate
across all fifteen individual runs at a 3% discount rate.
In May of 2013, the IWG released its technical update to its 2010 report based on newer
versions of the three IAMs than were used in the 2010 analysis, but with no modification
to the IWG socioeconomic scenarios or other IWG-determined assumptions. Thus, the
2013 analysis adopted the 2010 assumptions for model inputs such as the discount rate,
geographic specification, time horizon, reference case socioeconomic and emission
scenarios, or ECS.
As a result of using more recent versions of SCC models available by the time the update
process was initiated, the IWG’s SCC estimates for the period 2020-2025 increased by
about 60% to 75% (for the 3% and 5% discount rate cases, respectively). There is no
easy way to determine the specific reasons for the increase in the SCC values, as multiple
different elements of each IAM had been changed. Some of the changes were due to
changes in the science assumptions of the models, and some due to changes in their
damage functions. 63 In November of 2013, the IWG released a revision to its May report
to correct results from its model runs using the FUND model (IWG, 2013). The
corrected SCC values generally differ from the May version’s numbers by about a dollar
or less, and there were no modifications to the text of the May version other than to
describe the nature of the error and revise the numerical results.

B.

Methodology for Replication

This section discusses the steps that the NERA project team took to replicate the IWG’s
2013 computations for the 2020 value of the SCC. The team first obtained from EPA all
the files that the IWG used in its 2013 study to estimate the SCC. These files included
the three IAMs (DICE 2010, and instructions for obtaining PAGE09 and FUND 3.8), all
input files used by the IWG for these models, and instructions on how to replicate the
IWG’s results. With this information, the NERA team set about to replicate the IWG
results.
The NERA team first ran each of the three IAMs for each of the IWG’s five
socioeconomic scenarios. In this section, I discuss how each IAM was run. I provide
tables comparing outputs from each IAM model (for each of the five IWG scenarios) to
the comparably detailed IAM results that are reported in IWG (2013). The tables reveal

63

See IWG (2013), Table 1, p. 5 for a summary of the various specific changes in each IAM.
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that the SCC values the IWG calculated could be replicated in this study when using the
same sets of input assumptions and analysis framing choices that the IWG used.

C.

Replication Exercise
1.

DICE

EPA provided NERA with the DICE Replication Instruction.zip file containing three
Matlab files and two Excel files. As instructed by EPA, these files can be used to
replicate the DICE-based SCC estimates published in IWG (2013).
The three Matlab files form the basis of the model. SCC_EPA_DICE2010_May2013.m
is the driver code that reads the input data, manipulates the inputs, calls the routines to
compute temperature and sea level changes, computes the damages, and reports results.
The SCC_EPA_DICE2010_SLRDynamics.m computes the amount of SLR from the preindustrial levels; and SCC_EPA_DICE2010_TDynamics.m computes the temperature
increase from pre-industrial levels.
The input file, SCC_input_EMFscenarios.xls, contains the forecasts from the five
different IWG cases. The other input file, 2009 11 23 Calibrated R&B distribution.xls,
contains the Roe and Baker ECS distribution calibrated to the IPCC AR4 that is used by
the IWG.
Installing and running the DICE model is straightforward. To install the model, the five
files were copied into a directory on a NERA server on which is installed version R2014a
of MATLAB.
After loading the model onto the NERA server, a double click on the
SCC_EPA_DICE2010_May2013.m file opened it. The code was then modified to only
solve for the discount rates of 3% and 5%. The model automatically runs each of the five
scenarios for 10,000 iterations when “run” is pressed.
As Table 1 shows, this reproduced the IWG’s results for the five scenarios and the two
discount rates. Therefore, it is reasonable to conclude that the NERA team possesses the
same version of the DICE model and input files used by the IWG in their November 2013
analysis.
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Table 1: Replication Results for DICE – Social Cost of Carbon (2007$/tonne of CO2)

Modeler

3%

3%

5%

5%

2300

2300

2300

2300

Image

$48

$48

$15

$15

MERGE

$28

$28

$10

$10

Message-Optimistic

$40

$40

$13

$13

MiniCAM

$39

$39

$12

$12

5th Scenario

$34

$34

$11

$11

Discount Rate
Horizon
Model

DICE 2010

2.

IWG NERA IWG NERA

Scenario

PAGE

EPA provided NERA with the PAGE Replication Instruction.zip file, which contains five
Excel files and a README.txt file. The README file contains instructions on how to
replicate the IWG results. It states that the five Excel files in combination with the
PAGE09 model can be used to replicate the PAGE-based SCC estimates published in
IWG (2013).
There is one Excel file for each of the IWG scenarios. These files were copied into the
PAGE model to run the desired IWG case.
To replicate the IWG results, the readme file instructions were followed. First, NERA
obtained the PAGE09 v1.7 model by contacting Dr. Chris Hope at the University of
Cambridge Judge Business School. As described in the instructions and explained by Dr.
Hope, NERA also obtained version 5.7.0 Industrial Edition of @Risk, an add-in for
Microsoft Excel available from the Palisade Corporation, which is needed to run
PAGE09.
After obtaining and loading the required software, the instructions from EPA on how to
run the model for the IWG scenarios were followed to produce the combination of the
five scenarios and three discount rates. For each run, the following settings were made to
be consistent with the IWG instructions:
•

Replaced the first three tabs of PAGE09 v1.7 ("Base Data", "Library Data", and
"Policy A") with the contents of the include EPA Excel file "PAGE09 v1.7
SCCO2 (XXXX, for 2013 SCC technical update - Input files).xlxs", where the
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XXXX represents the EMF model used to generate the scenario ("IMAGE",
"MESSAGE", "MERGE", "MiniCAM", and "550 Avg").
•

Inserted an “=” sign in front of the text in cell N4 of the "Base Data" tab to turn
the text into a formula (this cell reports the SCC in 2000$s for the model run).

•

Made the following @Risk settings: 64
o Number of iterations: 10,000;
o Sampling: Latin Hypercube
o Random seed: 8675309.

•

Set the year of the SCC (that is the year of the emissions perturbation) to 2020 in
cell B4 of the "Base Data" tab.

•

Set the discount rate in cell B8 of the BaseData tab to either 3% or 5% depending
on the case.

After making all the changes to the Base Data, Library Data, and Policy A tabs as well as
entering the @Risk settings, Excel needs to recalculate the values in the cells (depress the
F9 key); and then the file can be saved. Now one can run the model. To do so, the “Start
Simulation” icon on the ribbon of the @Risk tab was pressed.
In the course of this replication exercise, it was discovered that the GDP values in the
PAGE input files are in year 2000 real dollars (2000$), and the outputs of the model do
not immediately match the IWG results, which are in 2007$. There was no obvious value
for that escalation factor, as the replication results differed from the IWG results by
different factors across the five scenarios. Additionally, the results differed by different
factors at different points on the probability distribution reported in the IWG Appendix.
Concerned that an incorrect input file had been sent, EPA was contacted. EPA staff
confirmed that NERA had the correct input file, and reported that the escalation factor
that they applied to each model output after the run was completed was 1.28. 65
Applying the GDP deflator of 1.28 to the raw outputs from the PAGE runs yield the
results in columns two and four of Table 2. This produces values that still differ from
64

NERA also set the Random Generator to be Mersenne Twister. No generator is specified in EPA’s notes
but an EPA analyst confirmed this was the generator the IWG analysis had chosen. (Personal
communication by telephone with Dr. Paul M. Bernstein.)

65

This is presumably a global GDP deflator to convert from 2000$ to 2007$. It is substantially higher than
a U.S. GDP deflator, which would have only increased the SCC values by a factor of 1.19. (U.S. Bureau
of Economic Analysis, “Table 1.1.9. Implicit Price Deflators for Gross Domestic Product”). NERA team
members have been unable to identify a source for the EPA’s value for a global GDP deflator.
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those in the IWG report, with this analysis producing estimated values lower on average
by $1.2/tonne for the 3% discount rate case (although it varies depending on the EMF 22
scenario). As noted above, the values at different percentiles on the distribution around
these average values also diverge from those in the IWG report, and sometimes by more
significant fractions. This suggested there may still be some error in the replication
calculations. However, after discussing this issue with EPA staff, the Agency re-ran its
PAGE model and produced the same SCC estimates that the NERA team had produced
for the IMAGE – 3% discount rate case. EPA had no explanation for this discrepancy
other than that it might be a result of the Agency using a different computer system.
Thus, I conclude the NERA team is running the PAGE model in the manner that the IWG
intended. I thus will rely upon the estimates from the PAGE model that are produced by
the method described above. The general lack of ability to replicate the IWG’s PAGE
results should give participants in the Minnesota proceeding pause before accepting the
CEO’s statement that the Federal SCC estimates are robust because they are peerreviewed and “well-supported.” Nevertheless, the difference in the average SCC is less
than $1/tonne when PAGE results are averaged with FUND and DICE results as well.
Throughout the rest of this analysis, the 1.28 deflator is applied to the PAGE model
results with the “replication” results being as shown in Table 2. The discrepancies
between what IWG reported and what is the current PAGE result diminishes with higher
discount rates, which indicates that the sources of the discrepancies occur in the far future
of the modeled time horizon. This fact suggests there can be greater confidence in the
PAGE SCC estimates that use higher discount rates and shorter model horizons.
Table 2: Replication Results for PAGE – Social Cost of Carbon (2007$/tonne of CO2)

Modeler

3%

3%

5%

5%

2300

2300

2300

2300

Image

$91

$89

$28

$27

MERGE

$56

$53

$17

$17

Message-Optimistic

$75

$75

$24

$24

MiniCAM

$73

$72

$21

$21

5th Scenario

$58

$57

$18

$18

Discount Rate
Horizon
Model

PAGE09

IWG NERA IWG NERA

Scenario
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3.

FUND

EPA provided NERA with the FUND Replication Instruction.zip file, which contains
seven Excel files, a C-Sharp subroutine, and a README.txt file. The README file
contains instructions on how to replicate the IWG results for the FUND model. It states
that the Excel files in combination with the FUND model, the enclosed C-Sharp code,
and edits to the FUND model as explained in the Readme file can be used to replicate the
FUND-based SCC estimates in IWG (2013).
To run the FUND model, the instructions in the readme.txt file (i.e., USG Interagency
SCC Update 2013 - FUND Instructions) were followed. First, the zip file that contains
FUND 3.8 from the website: https://github.com/fund-model/fund/tree/next was
downloaded. The contents of the zip file were extracted into the appropriate directory.
Since FUND requires Visual C#, a free version of Visual C# studio edition from
Microsoft was also downloaded as instructed by FUND’s readme.txt file (this is a
different file from EPA’s readme file).
The version of FUND available on the above website needs to be modified in three ways
to replicate the IWG results. First, the default Playground.cs code must be replaced with
the version used by the IWG. Therefore, the default Playground.cs file was overwritten
with IWG’s Interagency 2013 SCC Update.cs code. Second, to address an erratum to
Anthoff and Tol (2013) published in Climatic Change and ensure that potential
cumulative dry land lost associated with SLR is computed correctly, Line 140 in the file
FundComponents\ImpactSeaLevelRiseComponent.cs was replaced with the following
code:
double potCumLandloss = Math.Min(s.maxlandloss[r], s.dlbm[r] *
Math.Pow(s.sea[t], s.drylandlossparam[r]));
Third, in FUND 3.8, the implicit assumption of uniform dry land value across the coast
line is inconsistent with the solution for the regional decision maker's SLR protection
problem that is implemented. To correct this inconsistency, the value of dry land lost due
to SLR needs to be updated to be consistent with the solution to the optimal control
problem solved by the regional decision maker by allowing the value of each km2 of dry
land saved to decrease linearly with the amount of the coastline protected (Fankhauser,
1995). To implement this correction, line 232 in
FundComponents\ImpactSeaLevelRiseComponent.cs was changed from:
s.drycost[t, r] = s.dryval[t, r] * s.landloss[t, r];
to:
s.drycost[t, r] = s.dryval[t, r] * s.landloss[t, r] * (1 - s.protlev[t, r]).
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The new playground.cs is written to read in the IWG input files for the EMF scenarios
from the Fund\Data directory. Therefore, the IWG’s seven Excel files were copied into
this directory.
After completing these steps, FUND was run for 10,000 iterations for the five scenarios.
FUND is written so that it solves for the SCC for the three discount rates and five
scenarios that are used by the IWG in one model run. Table 3 reports the resulting SCC
values and those of the IWG under a 3% and 5% discount rate. Comparing the IWG and
NERA results in Table 3, one can see that the NERA team reproduced the IWG’s results
for all scenarios under both discount rates.
Table 3: Replication Results for FUND – Social Cost of Carbon (2007$/tonne of CO2)

IWG

NERA

IWG

NERA

3%

3%

5%

5%

2300

2300

2300

2300

Image

$23

$23

$3

$3

MERGE

$21

$21

$4

$4

Message-Optimistic

$18

$18

$2

$2

MiniCAM

$23

$23

$4

$4

5th Scenario

$11

$11

$0

$0

Modeler
Discount Rate
Horizon
Model

FUND 3.8

D.

Scenario

Conclusion on Replications

Having nearly replicated the IWG 2020 SCC values for the three IAMs under all five
scenarios and the 3% and 5% discount rates, I conclude that the NERA team is using the
same input files and models as the IWG did for its analysis. 66 Therefore, I proceeded to
have the NERA project team conduct sensitivity analyses on the IWG’s SCC estimates,
the results of which are summarized in the next section, and details of which are in the
four sections thereafter.
The fact that I report replications of the IWG’s SCC estimates in this section does not
imply that I endorse any of the IWG assumptions that produced their SCC values; nor
does it imply that I endorse any particular aspects of the IAMs’ formulas or assumptions.
66

As mentioned earlier, results differed slightly with the IWG’s reported results for PAGE, but I conclude
that this study’s PAGE results are more reliable than those reported in IWG (2013) because EPA staff that
provided to PAGE model to NERA appeared to be more able to replicate the results in this study than
those in the IWG report.
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IV. SUMMARY OF SENSITIVITY ANALYSES AND
RECOMMENDATIONS
After the replication exercise reported in the prior section, the NERA project team ran the
IAMs again but applied a range of alternative judgments on how to frame a SCC analysis
in a manner appropriate for the Minnesota application. Four types of alternative
analytical judgments were assessed for their sensitivity in the calculation of a SCC value:
•

which ton to treat as the marginal ton,

•

modeling horizon,

•

discount rate, and

•

geographical scope.

I discuss my rationale for considering each of these alternative analytical framing
judgments in Sections V through VIII, where I also provide the details of the individual
(one-by-one) sensitivities for each of the 15 IAM-socioeconomic scenarios that the IWG
averaged together to derive the SCC values reported in the summary table of IWG
(2013). 67 In this section I report the sensitivity of the IWG’s overall SCC estimate to
each combination of the four individual types of alternative judgments listed above. I
also summarize my recommendations for alternative analysis framing judgments that are
mindful of and appropriate to the goals and criteria of the Commission in establishing
environmental cost values for use in Minnesota’s electricity resource planning.
In estimating alternative SCC values, I have made no changes to any of the IAMs’ or
IWG’s science-based assumptions. The fact that the analyses in this report do not change
any of the IAMs’ or IWG’s science-based assumptions does not imply that I endorse
them, but simply reflects my focus on issues of analytical framing and economic analysis.
In this section, I report all SCC values in year 2014 dollars (“2014$”) unless otherwise
stated. 68 Their unit of “$/tonne” more specifically refers to dollars per metric ton of CO2
in 2014$. Finally, I report only SCC estimates for emissions in the year 2020, to keep the
comparisons focused. (Comparable SCC estimates for other years can be obtained from

67

IWG, 2013, p. 3.

68

In Sections V through VIII, the detailed SCC sensitivity analysis results are reported entirely in terms of
2007$. That was done because the SCC estimates reported in IWG (2013) are entirely stated in 2007$ and
(with the exception of PAGE) the IAMs used by the IWG are set up to produce their outputs in 2007$.
However, in this section we shift from those estimates to current year dollars. To convert from 2007$ to
2014$, multiply the 2007$ value by 1.1125 (Federal Reserve Bank of St. Louis, “Gross Domestic Product:
Implicit Price Deflator.” Available: https://research.stlouisfed.org/fred2/series/GDPDEF.
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the same model runs, but I do not report them in this document; their sensitivities will
follow the same pattern as the sensitivities in the 2020 SCC estimates.)
To establish the point of reference for my sensitivity results, the Agencies have
recommended adopting the IWG’s overall 3% discount rate SCC estimate, which is
$43/tonne (stated in 2007$) for 2020 emissions. 69 Stated in 2014$, this SCC estimate is
$47.84/tonne.
I refer to the set of modeling assumptions that lead to that $47.84/tonne estimate as the
“base” assumptions. Following are the base assumptions, and the alternative sensitivity
cases that I discuss in Sections V to VIII:
•

•

•

•

Which ton to treat as marginal:
o Base=last ton
o Sensitivity case=first manmade ton
Modeling horizon:
o Base=2300
o Sensitivity cases=2100 and 2140
Discount rate:
o Base=3%
o Sensitivity cases=5% and 7%
Geographical scope:
o Base=Global
o Sensitivity case=U.S.

As a point of omission in the IWG’s analysis, I discuss the need to account for leakage,
which can be used to determine the net tonnes reduced. Everything else being equal,
implementing a resource plan that has been justified in part on the basis of environmental
cost values may raise costs of generation relative to regions from or to which Minnesota
can import or sell power. Therefore, some reductions in Minnesota’s emissions may be
offset by increases in power generation in those other regions which is called “leakage.”
The SCC should be adjusted to account for this leakage. To emphasize this point, I
present all results in this section in $/net tonne to indicate that the SCC values should
apply only to the net reductions, which equal the emission reductions in Minnesota less
the increase in emissions outside of Minnesota as a result of Minnesota utilities using
environmental cost values in their resource planning.
Even considering the effects on the Federal SCC of alternative judgments made by the
IWG on a one-by-one basis, I find these sensitivities lead to large reductions in the SCC
values, as is documented in more detail in Sections V through VIII. For example, by
changing each base assumption to the lowest alternative assumption listed above, the
69

IWG, 2013, p. 3.
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SCC estimates fall into a range from $5/net tonne to $31/net tonne (rounding to the
nearest dollar). However, the alternative judgments are not mutually exclusive; estimated
SCC values that account for all four alternative sensitivity values produce SCC values
below $2/net tonne.
Table 4 presents the specific values for each potential combination of the four input
assumptions that were run, setting each one to either the “base” assumption or the
alternative assumption (shaded in gray). The number of alternative assumptions adopted
for each run is shown in column 1. The specific combination of base and alternative
assumptions used is identified in columns 2 through 5. (Alternative assumptions are also
indicated by a shaded cell, along with the specific alternative assumption that was used
for that SCC estimate.)
Table 4 is provided for transparency and completeness, to support the discussion that
follows developing the range of SCC estimates that I recommend for Minnesota. Before
turning to those more specific recommendations, I will first discuss some of the insights
that the raw sensitivity analyses provide.
As can be seen in Table 4, when all the base assumptions are employed (top row), this
analysis estimates a SCC value like that of the IWG. In this case, the estimate is
$46.88/net tonne. The slight discrepancy is due to the fact that the PAGE model results
reported in IWG (2013) are not precisely reproducible (see discussion in Section III.C.2).
Table 4 reveals that the values are especially sensitive to the choice of discount rate and
to the choice of a domestic (U.S.) scope for damages versus giving global damages as
much weight in the estimate as domestic benefits. Even if the discount rate is set to 5%
rather than 7%, the SCC values range from $1.62/net tonne to $13.39/net tonne.
Similarly, if only U.S. damages are considered, the SCC values range from $0.90/net
tonne to $7.65/net tonne.
Figure 5 provides one way of visualizing the data in Table 4, which may provide further
insight about the effect of combinations of alternative values. To better highlight the key
insights, I first choose to focus on just a single alternative assumption for each base
assumption. In the case of discount rates, I include only the 5% case as the alternative
assumption. (Applying a 7% discount rate as opposed to a 5% discount rate lowers the
SCC values another $1 to $8/net tonne that is not shown in the figure.) For modeling
horizon, I discard the sensitivity cases that use 2140 and include only the 2100 alternative
assumption. With this set of one base and one alternative assumption for each of the four
judgments, Figure 5 graphs the values from Table 4 that represent the range of values
with just one alternative assumption changed at a time, then (higher up) the values for all
the estimates that include changing two of the base assumptions at a time, etc.
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Table 4. Summary of SCC Estimates for All Combinations of Alternative Values (2007$/net
tonne and 2014$/net tonne)

#
changes Discount Time Geographic
from
Rate
Horizon
Scope
base
inputs
0
3%
2300
Global
1
3%
2140
Global
1
3%
2100
Global
1
5%
2300
Global
2
5%
2140
Global
2
5%
2100
Global
1
7%
2300
Global
2
7%
2100
Global
1
3%
2300
U.S.
2
3%
2140
U.S.
2
3%
2100
U.S.
2
5%
2300
U.S.
3
5%
2140
U.S.
3
5%
2100
U.S.
2
7%
2300
U.S.
3
7%
2100
U.S.
1
3%
2300
Global
2
3%
2140
Global
2
3%
2100
Global
2
5%
2300
Global
3
5%
2140
Global
3
5%
2100
Global
2
7%
2300
Global
3
7%
2100
Global
2
3%
2300
U.S.
3
3%
2140
U.S.
3
3%
2100
U.S.
3
5%
2300
U.S.
4
5%
2140
U.S.
4
5%
2100
U.S.
3
7%
2300
U.S.
4
7%
2100
U.S.

Which
Tonne

2020 SCC Value
(2007$
/net tonne)

2020 SCC Value
(2014$
/net tonne)

Last
Last
Last
Last
Last
Last
Last
Last
Last
Last
Last
Last
Last
Last
Last
Last
First
First
First
First
First
First
First
First
First
First
First
First
First
First
First
First

$42.14
$32.53
$22.14
$12.03
$10.70
$9.03
$4.84
$4.26
$6.88
$5.36
$3.97
$2.28
$1.99
$1.77
$1.03
$0.92
$27.59
$21.55
$15.55
$8.43
$7.65
$6.70
$3.65
$3.33
$4.83
$3.88
$3.05
$1.76
$1.59
$1.46
$0.87
$0.81

$46.88
$36.19
$24.63
$13.39
$11.90
$10.05
$5.38
$4.74
$7.65
$5.96
$4.42
$2.54
$2.22
$1.97
$1.15
$1.03
$30.70
$23.98
$17.30
$9.38
$8.51
$7.45
$4.06
$3.70
$5.37
$4.32
$3.40
$1.96
$1.77
$1.62
$0.96
$0.90
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Figure 5. Graphical Summary of 2020 SCC Value Sensitivities in 2014$/Net Tonne of CO2.
(3% and 5% discount rates and 2300 and 2100 modeling horizons only)

Figure 5 shows visually that if only 1 of the 4 alternative judgments is applied, the SCC
values (rounded to the nearest dollar) range from $8/net tonne to $31/net tonne. If only 2
of the 4 alternative judgments are applied, the range of SCC values is $3/net tonne to
$17/net tonne. If 3 of the 4 alternative judgments are applied, the range of SCC values is
$2/net tonne to $7/net tonne. And when all 4 judgments are applied, the SCC estimate
rounds to $2/net tonne. (If the 7% discount rate is used rather than the 5% discount rate
for the single alternative assumption setting, the lower ends of the ranges are somewhat
lower.)
Another way to summarize the results of these alternative estimates is presented in
Figure 6, which is a histogram showing what percent of the 16 alternative estimates in
Figure 5 falls into SCC ranges stated in $5/net tonne increments (2014$). It shows that
38% of the estimates are less than $5/net tonne, and 63% are less than $10/net tonne
(2014$).
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Figure 6. Histogram of Ranges of 16 Alternative 2020 SCC Estimates in 2014$ per Net
Tonne of CO2. (3% and 5% discount rates and 2300 and 2100 modeling horizons only)

A.

Recommended Range for Environmental Cost Values

The sensitivity results summarized above reveal that the SCC value is highly dependent
on specific judgments made by analysts rather than scientists. To develop a range of
SCC estimates, one must decide what alternative analytical framing assumptions are most
appropriate to the particular application. If the ALJ in this proceeding recommends the
SCC approach should be adopted despite the enormous uncertainties and limitations of
using IAMs to produce estimates of environmental cost values, the analytic assumptions
can at least be adjusted to reduce the degree of speculation in the resulting estimates. In
the next four sections of this report, I provide detailed discussions about the
appropriateness of the IWG’s analytical decisions, and explain why I recommend
alternative assumptions for estimating SCC values that would be applied under the
Minnesota law.
In making my recommendations, I recognize that in some cases there remains a range for
appropriate assumptions, and I recommend a range rather than a single alternative
assumption. These ranges, in turn, provide a basis for assessing a range of reasonable
environmental cost values for Minnesota. For reasons explained in more detail in
Sections V through IX, I recommend that the following assumptions are most appropriate
for environmental cost values based on a SCC calculation that would be applied to
electricity resource planning in Minnesota:
•

Damages from emissions that Minnesota chooses to avoid or eliminate in an effort
to show leadership in responding to climate change should be valued either as if
45

Exhibit ___ (AES-D-2)
MPUC Docket No. E-999/CI-14-643
OAH Docket No. 80-2500-31888
they were the first incremental anthropogenic GHG ton to be emitted (going
forward in time), or (at most) as if the damages from Minnesota’s tons are neither
more nor less per ton than the marginal damage of the average ton from all
anthropogenic GHGs that are projected to be emitted in the future. Choosing a
marginal damage above the average would punish Minnesota for showing
leadership.
•

Estimates of damages from emissions that Minnesota may choose to avoid or
eliminate should not extend through the next 300 years. Any attempt to assign a
monetary value to changes in resources after about 100 years from the present is
an exercise in pure speculation. Any attempt to value damages associated with
temperature changes well above 4 oC is also fraught with speculation. But of
equal concern is the manner in which the IWG’s IAM scenarios assume that not a
single additional action will be taken by mankind, even if projected temperatures
would be observed to rise towards and past 2 oC, and indeed, even as they exceed
4 oC and continue to rise towards well over 10 oC. Any attempt to value damages
associated with more than about 4 oC that does not account for human reactions
starting to take effect before that occurs is unrealistic. Furthermore, the SCC
estimates of concern for this proceeding are to address only tons that will be
emitted in the next decade or so, and those tons are not the primary determinants
of the IAM scenarios’ projected temperature changes and hence damages that
occur beyond about 2100. SCC values for resource planning decisions affecting
power generation over the next decade should be calculated using a time horizon
limited to 2100, or (at most) 2140.

•

Future damages should be discounted in a manner that is descriptive of actual U.S.
citizens’ preferences for consumption, and in selecting an appropriate range of
discount rates some consideration should be given to the fact that there will be
opportunity cost associated with the private sector spending to reduce emissions
that might be motivated by the SCC, but which has been omitted from the SCC
calculations. Economists most consistently estimate the consumption rate of
interest in the range of 3% to 5% per year, with a slightly wider range of values
under relatively extreme assumptions. Given that estimates of the consumption
rate of interest below 3% are based on unconservative assumptions (or reliance on
ethical prescriptions lacking evidentiary foundation), and given that reliance on
only the consumption rate of interest estimates fails to incorporate the opportunity
cost of spending to avoid the marginal damages that the IAMs are estimating, I
recommend that the lower bound of the discount rate used for Minnesota be 3%.
Although I recommend 5% as the minimum upper end of the range because that
rate can be justified solely on the basis of consumption rate of interest estimates
(as the IWG itself did), I note a higher value could be justified.
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•

In the absence of any global agreement on climate change (i.e., without reciprocal
agreements among major emitting countries), Minnesota should not include
global benefits when evaluating investments whose costs they alone will bear. In
the absence of even national policy that would provide reciprocal agreements with
other U.S. states, Minnesota should consider only its own in-state impacts, and (at
most) U.S.-wide damages. To give a rough sense of the scale of what Minnesotaspecific environmental cost values might appear to be, if one were to assume that
its damages might be roughly proportional to Minnesota’s share of the U.S. GDP,
its share of the domestic-only SCC estimate would be lower by a factor of more
than 50. 70 Because I have not prepared my own estimates of Minnesota-specific
damages, I recommend that estimates of environmental cost values from
Minnesota, if based on the IAM models, should be limited to SCC estimates
considering U.S. damages only. Although these are certainly an overstatement of
Minnesota-specific impacts, they are more appropriate to use than a SCC based
on global damages.

•

The SCC value needs to account for the effects of leakage. Therefore, the SCC
value should be applied to the net tons (tons reduced in Minnesota less the
increase in tons outside Minnesota) rather than the tons reduced in Minnesota.

Table 5 reports (in bold font) the SCC values that result from all the combinations of the
ranges of framing judgments that I recommend as appropriate for the goals and criteria of
the Minnesota law requiring environmental cost values to be estimated. The lowest of
these values is $1.62/net tonne (2014$), which results from a 5% discount rate,
considering the marginal cost of the first tonne to be emitted, U.S. region of standing, and
a modeling horizon of 2100. The highest of these values is $5.14/net tonne (2014$),
which results from a 3% discount rate, considering the marginal damage of the average of
all tonnes, U.S. region of standing, and a modeling horizon of 2140.

70

U.S. Bureau of Economic Analysis, “Table 1. Real GDP by State, 2010-2013.” Available:
https://www.bea.gov/newsreleases/regional/gdp_state/gsp_newsrelease.htm.
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Table 5. SCC Estimates from All Combinations of Alternative Recommended Values
(2014$/net tonne)

Discount
Rate

3%

3%
3%
3%
5%

5%
5%
5%

Which Ton Is
Marginal

Halfway between
1st and last
manmade
Halfway between
1st and last
manmade
First manmade
First manmade
Half way between
1st and last
manmade
Half way between
1st and last
manmade
First manmade
First manmade

Estimated
Environmental
Cost Values for
Minnesota

Estimated
Non-U.S.
Benefits

(2014$ per net
tonne CO2)

(2014$ per net
tonne CO2)

2100

$3.91

$17.06

2140

$5.14

$24.95

2100
2140

$3.40
$4.32

$13.90
$19.66

2100

$1.80

$6.95

2140

$1.99

$8.21

2100
2140

$1.62
$1.77

$5.83
$6.74

Modeling
Horizon

The range of SCC values that result from the framing assumptions that I recommend is
very low compared to SCC estimates that have been suggested by the IWG. The single
most important reason my recommended range is this low is because it is based on
domestic damages only, for the reasons I have summarized above, and will explain in
greater detail in Section VIII. Consistent with my recommendation on geographical
scope is the Federal guidance for RIAs, which states: “[y]our analysis [of a domestic
regulatory policy] should focus on benefits and costs that accrue to citizens and residents
of the United States.” 71 On the same page that guidance notes that if benefits outside of
the U.S. are calculated, they should be reported separately. 72 Consistent with that
guidance, I have reported the non-U.S. benefits estimates separately in the final column
of Table 5, although I recommend against incorporating them into the environmental cost
values for Minnesota.

71

OMB, 2003, p. 15.

72

In contrast, all of the IWG’s SCC estimates have been for global damages, and the IWG has never
directly reported its domestic damage per ton estimates.
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Any SCC estimates that result once appropriate sets of framing assumptions have been
identified and incorporated into the IAMs should be applied only to the net tons that
Minnesota may reduce globally. Net reductions are equal to the direct reduction that
Minnesotans would pay for minus potential increases in emissions that are projected to
occur outside of Minnesota (i.e., leakage) as a result of its own control efforts. For
example, if leakage is projected to be 30%, the estimated tons that would be directly
reduced by Minnesota should be discounted by 30% (i.e., multiplied by 0.7) before being
multiplied by the environmental cost values. 73 Equivalently, in this example of 30%
leakage, the range for the environmental cost of carbon could be stated as $1.13/tonne to
$3.60/tonne of direct change in Minnesota’s in-state emissions. 74
In stating my recommended range for SCC values, I have stated the values in $/net tonne
because I have not conducted a study to estimate the likely level of leakage to convert
these environmental cost values into $/tonne that utilities could apply directly to their
own projected emissions. Additionally, the Commission may wish to allow estimation of
likely leakage to be done on a case by case basis, as it may differ depending on the
resource plan change being considered. By setting its environmental cost values in terms
of $/net tonne, this proceeding can thus be completed without first resolving the
appropriate leakage assumption.
Although I have not performed a study of leakage for this report, leakage estimates are
readily analyzed using electricity sector and general equilibrium models. I describe
standard methods for estimating potential leakage on a decision by decision basis in
Section IX. Such analyses should be performed and used as part of any application of the
CO2 environmental cost values that result from this proceeding. Therefore, all estimates
and ranges that I present henceforth are upper bounds on the value to be applied to a
direct reduction that Minnesota would consider because those direct reduction estimates
omit potential leakage.

73

Net tons are equal to (1-percent leakage) x (# direct tons).

74

That is, one could also choose to discount the SCC values by the estimated percent of leakage, which in
this example of 30% leakage would mean a range of environmental cost values from $(0.7 x $1.62/tonne)
to $(0.7 x $5.14/tonne). This lower $/tonne environmental cost value could then be multiplied by the
estimated tons that would be subject to resource planning alternatives of the Minnesota utilities. The
result of the resource planning process will be equivalent, and the approach is just a question of
terminology and procedure.
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V.

WHICH TON TO TREAT AS THE MARGINAL TON

A.

Introduction

The goal of this proceeding is to update environmental cost values to be applied to
emissions from generating options during Minnesota’s resource planning processes, so
that the societal value of the potential environmental damages to Minnesotans of the
alternative generating options can be compared to their financial costs. Several methods
for valuation of environmental costs are available, but the Commission has stated that a
damage cost approach is preferred. In this section, I consider two perspectives on what
damage cost estimates are intended to represent and discuss their respective implications
for determining “which ton” should be viewed as the ton to be valued.
From one perspective, the damage cost estimate might be viewed as a form of a marketbased approach to “internalize externalities,” founded in the principles of benefit-cost
analysis (BCA). From another perspective, the damage cost estimate might be viewed as
a form of compensatory damages for the potential emissions. At first, these two
perspectives may seem to be similar, but in this section I will explain how they differ, and
their implications for a valuation process employing the IAMs used by the IWG. I also
explain how each perspective leads to a different cost estimate from those IAMs
compared to what the IWG calculated.
In Part B of this section, I first explain the marginal damage concept as it relates to
calculations made using IAMs, and how marginal damage values vary depending on
“which ton” one seeks to value. I then explain how the IWG’s SCC estimates relate to
the marginal damage concept, and compare it to the approach that was adopted by the
Commission in its 1997 decision on its CO2 environmental cost values. In Part C of this
section, I address the question of which ton is appropriate to value in Minnesota’s case,
from each of the two perspectives, respectively. For the BCA perspective, I summarize
the principles of BCA and their relationship to the use of monetized environmental values
to cost-effectively achieve a BCA-based emissions reduction objective. This discussion
explains why the IWG’s method is measuring the marginal damage of the “wrong ton,”
and how a more theoretically correct estimate of the marginal damage per ton might be
obtained from the IAMs. For the compensatory damages perspective, I explain in Part C
why an average damage cost approach would be more appropriate than a marginal
damage cost approach in this situation. A quantitative sensitivity analysis is provided in
which the IWG’s IAMs are run to estimate marginal damages at different points along the
total damages curve. It finds that the IWG’s approach for estimating the SCC is an
overstatement of values that are more consistent with each of the two possible
perspectives on what Minnesota’s environmental cost values are intended to represent.
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B.

What is Meant by the Term “Marginal”?

The term “marginal” is used by analysts in two ways that are similar but subtly distinct.
One use of the term refers to very small changes in tons of emissions. For example, a
change in tons that is a fraction of a percent relative to total emissions might be viewed as
a marginal (or incremental) change, and the $/ton associated with such a small change
can be called an estimate of the marginal damage per ton. This use can be contrasted to
average damages per ton, which would be computed by estimating the total damage from
all tons, and not just one increment. A second, slightly different meaning of the term
refers to the “last” ton or increment of tons added to a baseline of tons. When used with
this specific intent, the specific estimate of the marginal damage value will depend on
what has been assumed about the underlying baseline of all other emissions.
The first meaning of the term marginal is sometimes used in reference to the IAM
calculations, as follows. The IAM runs that calculate a SCC value do not actually change
emissions by only a single ton, but by a multi ton increment that is still small relative to
the total global quantity. For example, in DICE, total baseline emissions are changed by
1 billion tonnes (1 Gt) of carbon in a decade, and the dollar present value of the resulting
change in consumption is divided by 1 billion to obtain the $/tonne of that last increment
of 1 billion tonnes. Contextually, 1 Gt of carbon is small relative to total emissions,
which are between 400 and 1,700 Gt carbon just through 2100 in the five IWG scenarios.
In this sense, the resulting $/tonne estimate is sometimes referred to as an estimate for a
“marginal” change in emissions, implying that it is an estimate associated with a very
small emissions reduction. 75
Thus, any SCC estimate derived in the manner that the IWG has used is a marginal
damage estimate, but that marginal damage cost will vary in magnitude depending on
what the analyst assumes about all other emissions in the baseline. Therefore, it becomes
important to consider the second meaning of the term marginal damage because
Minnesota needs to determine which marginal damage cost estimate is appropriate for its
application.
The second meaning of marginal damage can be placed in the context of the $/ton
estimate that is derived from an IAM as follows. A fundamental element of each IAM is
its damage function. As discussed in Section II, the damage function can be an aggregate
of multiple individual damage functions. Whether simple or compound, all of the IAM
damage functions have the general feature that they become steeper as projected climate
change increases from relatively small amounts to relatively large amounts (i.e., the
amount of damages associated with a given unit of temperature increase rises at an
75

Some of the IAMs simulate an increase in emissions and some a decrease in emissions. However, for
these contextually-small increments, there is no meaningful impact on the $/ton estimate that is thereby
computed.
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accelerating rate). Figure 4 in Section II is an example of such a curve. When
temperature change relative to pre-industrial temperature is close to zero, the curve is
relatively flat, and as temperature change increases, the curve becomes steeper. It means
that a small increment in temperature change when the total temperature change up to
that point is small will cause less damage (i.e., less vertical rise in the curve) than if that
same increment in temperature change occurs when the total temperature change up to
that point is large. The slope of a damage curve is called the marginal damage, and
unless the damage curve is just a straight line, the marginal damage varies as temperature
varies.
Keeping in mind that IAMs compute temperature change at each point in time from
emissions up to that point in time, one can see that IAMs also implicitly contain a
damage curve as a function of emissions; the precise shape of the damage curve per ton
of emission may be different from the shape in Figure 4, but marginal damages per ton of
emission will still vary depending on the quantity of emissions that is being assumed.
That is, the marginal damage cost estimate available from an IAM is not a single value,
but will vary depending on the assumed baseline of emissions against which a small
increment of tons is assumed to occur. In most scenarios of interest, one can expect the
IAMs’ estimates of the marginal damage cost per incremental ton to be smaller when
total emissions in the IAM’s baseline are lower than when total baseline emissions are
higher. 76
If the baseline used reflects a BaU of rising emissions, then the IAM will produce an
estimate of the marginal damage as if the ton in question is the very last ton to be added
to that future stream of emissions. If the baseline used in that IAM run has no further
GHG emissions, the resulting marginal damage estimate will be equivalent to treating
that ton as if it is the first ton to be decided upon going forward. And there will be
different marginal damage estimates for all baselines in between. The question for
Minnesota is which marginal ton (i.e., what baseline) is appropriate to use in making its
resource planning decisions.

C.

Choice of Marginal Ton Made by the IWG and Others

All the SCC values computed by the IWG treat the ton being valued as if it would be the
last ton of emission to be decided on for addition to the entire stream of the IWG’s
baseline emissions projections from now through 2300. This is because the IWG’s
emissions projections are fixed in each model run, no matter what changes are projected
to result from each baseline. For example, for its 2020 value of the SCC, the IWG
computes the marginal damage from injecting one additional increment of CO2 into the
76

An exception can occur if the projected climate changes that are input to an IAM’s damage function are
extreme, because each of the IAMs’ damage functions will eventually flatten to prevent estimated
damages from exceeding 100% of global GDP.
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atmosphere in 2020, while leaving all future years’ emissions fixed at their baseline
levels. For four of the five IWG scenarios, the baseline emissions projection reflects a
BaU world. Thus, each 2020 ton is valued against a future baseline projection in which
no other reductions are ever made. However, if there is to be any actual climate benefit
in reducing CO2 emissions in Minnesota, those actions have to be part of a
comprehensive policy. (The “5th scenario” has a baseline that reflects global emissions
being reduced to achieve atmospheric concentration stabilization at 550 ppm, but this
scenario receives only 20% weight in the calculation of the IWG’s SCC values, as it is
only one of five scenarios that are averaged together.)
Note also that the IAMs’ SCC estimates for a 2020 ton reflect a present value of climate
damages that occur far in the future, a share of which is caused by emissions that will not
be emitted until many years after 2020. Thus, the incremental damages that are being
valued for emissions changes in 2015, 2020, etc. are being treated as if they are changes
at the margin in the aggregate of all GHG emissions that constitute the baseline – i.e. as if
they are a result of the last ton that might be emitted, when in fact they would be the
result of the first of the tons that have not already been emitted.
Thus, the IWG’s SCC values are “marginal” damages in the second sense of the term too,
but they are the marginal damage at only the highest point along an entire marginal
damage curve. IAMs do not have to be applied in this manner, however. They can be
used to estimate marginal damages at other points along the damage curve. In fact, the
DICE model, as constructed by its developer, Professor Nordhaus, is designed to identify
the optimum emissions reduction path, and associated marginal cost per ton over time.
When run with that optimization feature operational, DICE has the ability to produce a
$/tonne estimate through time that reflects the per-tonne marginal damage values
consistent with a comprehensive and integrated path of global emissions reductions. The
IWG dismantled this optimization feature when adopting DICE for its own analyses,
doing so with the express purpose of forcing DICE’s SCC estimates to be consistent with
the IWG’s fixed baseline projections of GDP and emissions. 77 The result is that the
IWG’s SCC estimates do not provide environmental cost estimates that guide decision
makers towards finding near-term emissions reductions that are part of a cost-effective
vision for managing global climate change risks. In Part D, I explain this point in more
detail, after introducing the principles of BCA that are relevant to this discussion.
The IWG’s approach can also be contrasted to the analysis that served as the basis for the
Commission’s 1997 CO2 environmental cost values, as described by Mr. Ciborowski in
77

IWG, 2010, footnote 3, p. 7. (“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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his rebuttal testimony. 78 In broad terms, Mr. Ciborowski’s analysis can be described as
having computed the damage per ton of CO2 emitted in the same manner as the IAMs,
but for a much larger change in emissions than in the IWG’s computations. In fact, the
change in emissions was effectively a 100% change from a BaU projection of emissions
to a scenario in which there would be zero additional GHG emissions after 2010. Except
for the size of the increment in emissions that is valued, the underlying computations and
damage function were not much different, just performed in a simpler manner. Like the
IAMs, Mr. Ciborowski estimated the discounted global monetary damages under a
baseline projection of emissions and GDP, and under a second scenario in which the
projected emissions were altered by a specific increment. Like the IAMs, his monetized
damages were based on a projected percentage change in GDP as a function of the
projected temperature change due to future CO2 emissions. 79 And like the IAMs do, he
converted the estimated change in damage between the two scenarios by dividing by the
specified increment in emissions.80
The main difference in the underlying approach is that Mr. Ciborowski’s change in
emissions was to zero out all future CO2 emissions from the start of his projection (the
year 2010) through the end of his modeling horizon (2100). 81 Thus the increment was
not 1 Gt in one decade, but 4,250 to 5,323 Gt spread over 90 years. 82 Thus, Mr.
Ciborowski’s CO2 $/ton estimates represent an average damage cost of all future
emissions. This is not the marginal damage due to the last increment added to the stack
of present and future GHG emissions, as the IWG has computed, and thus would be
expected to be lower, even if all assumptions and computations were identical. However,
the IWG’s efforts to value the last ton’s damage is conceptually inconsistent with the
realities of climate change risks, as no single ton in any single year can be viewed as the
last ton in an intertemporal projection of emissions that cumulatively determines the
temperature changes that drive the present value of damage estimates. Furthermore, and
as is discussed in the next part of this section, (1) the IWG’s valuation of the last ton’s
marginal damage is not theoretically consistent with the BCA principles that underpin the
concept of using externality values in investment decisions, and (2) the use of a marginal
damage cost rather than an average damage cost is not consistent with a compensatory
damages perspective on Minnesota’s environmental cost values.

78

Rebuttal Testimony of Peter Ciborowski, E-999/CI-93-583, pp. 38-42.

79

As explained in Section II.C, his damage function was founded on the same basic empirical and
extrapolation assumptions as in the PAGE and DICE models that the IWG used.

80

Findings of Fact, Conclusions of Law, Recommendation and Memorandum, E-999/CI-93-583, pp. 34-36.

81

The merits of continuing to use a modeling horizon of 2100, as Mr. Ciborowski did, are explained in
detail in Section VI. However, the choice of modeling horizon does also explain some of the quantitative
differences between Mr. Ciborowski’s results and those of the IWG.

82

Rebuttal Testimony of Peter Ciborowski, E-999/CI-93-583, p. 40, Table 4, footnote (a).
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D.
Reasons It Is Inappropriate to Calculate a Cost per Ton for the “Last”
Ton That Would Be Emitted
1.

The Benefit-Cost Perspective

The use of environmental cost values in Minnesota resource planning closely parallels the
concept in economics of externality pricing. Economists have developed the concept of
setting “prices” on emissions to guide emitters to independently choose a cost-effective
set of emissions reductions to achieve a societal goal of managing pollution. BCA is
economists’ associated method for identifying that societal goal, and hence, the decision
on what level to set the emissions price is closely intertwined with the principles of BCA.
Thus, it may be helpful to consider the question of choosing the “right” marginal damage
cost estimate from the perspective of BCA.
The discussion of BCA that follows is made in terms of emissions that cause
environmental harms to many members of society that are, in aggregate, larger than the
harm absorbed by the individual entities whose decisions result in those emissions. The
definition of an externality in this setting is when an emitting entity does not bear all of
the negative consequences of its emissions. Externalities are considered a rationale for
society to intervene with regulation to promote a more societally-desirable level of
environmental impact. BCA is the standard tool economists use for assessing the
appropriate amount of emissions by balancing the environmental benefits and economic
costs of the action. Its basic goal is to find a level of emissions that maximizes “net
benefits,” which is equal to the estimated societal benefits that would be obtained by
reducing emissions from their baseline (unregulated) levels minus the estimated societal
costs of achieving those lower levels of emissions.
The principle for finding the optimal level of emissions is that a policy’s stringency
should be set at a level where marginal costs of meeting that policy’s constraints should
be equated with the marginal benefits that would thereby be gained. I explain this point
further below, in order to show the IWG has run the IAMs in a way that the resulting
SCC estimates fail to conform to this marginality principle. The result is the IWG’s SCC
estimates are higher than the cost per ton that should be used for “internalizing the
externality” related to CO2 emissions in individual investment decisions across an
economy.
Mathematically, the emissions level where net benefits are maximized is an emissions
level where the marginal benefit from an additional increment of emissions reduction is
just equal to the marginal cost of achieving that additional increment. This can be seen
in the conceptual illustration of Figure 7, which shows a hypothetical benefits curve and a
hypothetical cost curve. The x-axis represents the quantity of emissions that a regulator
may choose, starting from 0 (i.e., no emissions allowed at all, which is equivalent to
100% reduction from baseline emissions) and increasing until the amount of tons allowed
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is equivalent to the unregulated, BaU baseline quantity (denoted at the point BaU on the
x-axis). The total costs of reductions and total societal benefits of reductions are both
represented on the y-axis; both are stated in monetized terms so that they can be
compared to each other. The costs of reductions start at zero at the baseline level, BaU,
and rise as the emissions remaining is pushed to 0. As is usually the case, this illustration
shows costs rising at an increased rate per additional unit of stringency (reduction away
from BaU towards 0). The benefits of reductions in emissions to levels below BaU also
rise as the allowed emissions are pushed to 0. As is usually the case, this illustration
shows that the benefit of the first few tons of emissions reductions below BaU is larger
than the benefits of eliminating the last few tons. That is, the slope of the benefits curve
is steeper when it is close to BaU tons and it is flatter when it is close to 0 tons.
Figure 7. Conceptual Illustration of Benefits and Costs of Emissions Controls and the
Location of the BCA-Optimum Reduction

In this diagram, the net benefit of any particular amount of reduction is equal to the
vertical distance between the benefits curve and the cost curve at that point along the xaxis. As drawn here, the net benefits are greatest at the emissions level labelled E*
(where E* is lower than BaU), and the net benefits are the height of the vertical line that
is drawn between the benefit and cost curves at that point. There is no other level of
emissions where the benefits gained by lowering emissions from the unregulated BaU
level exceed by a greater amount the cost of doing so. Note that these curves reflect total
costs and total benefits at each level of reduction. The slope of each curve represents the
marginal cost (MC) and marginal benefit (MB), respectively. Mathematical formulation
concludes that the point E* can be found by finding the reduction level at which MC=MB.
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By visual inspection of the diagram, one can see that the slope of the benefits curve is the
same as the slope of the cost curve at the BCA-optimum reduction level, E*. For future
reference, I will refer back to the fact that MB*=MC* at E*.
The reason for presenting this diagram is to make a key point about analytical choices
when calculating the marginal benefit of a ton of emissions.83 Note the slope of the
benefits curve over all possible emissions levels, E, is not constant. (If the slope were
constant, it would be a straight line). The illustrated shape of the benefits curve means
that there is no single value for the marginal benefit of an incremental ton reduced; the
marginal benefit varies with the assumed level of emissions achieved. The marginal
benefit is highest (i.e., the slope of the benefits curve is steepest) for the first few tons of
change away from the baseline emissions, BaU. In this diagram, the slope gradually
flattens as emissions decline (i.e., as the incremental reductions accumulate towards
100% elimination of emissions). This also means that the marginal benefit at the BCA
optimum is less than the marginal benefit for the first few tons of reduction away from the
unregulated (BaU) baseline of emissions. Thus, an analyst needs to choose which point
along the benefit curve is the appropriate point for estimating the marginal benefit of an
incremental ton.
Before continuing to the question of which marginal benefit value is appropriate to
incorporate into investment and operations decisions that affect emissions, I will describe
the connection between the illustrative diagram of Figure 7 and IAM calculations of the
SCC. As has been explained in Section II, IAMs calculate $/ton estimates using a
damage function that increases as projected temperature change increases (see, for
example, Figure 4 in that section). The IAM damage function is essentially a negative of
the benefits curve. That is, an incremental dollar amount of damage from adding a ton of
emission is equal to the incremental dollar amount of benefit of eliminating that ton, were
it to be emitted. 84 The main reason the damage function in an IAM cannot be simply
redrawn as a benefit function such as the one in Figure 7 is because the IAM damage
functions are specified in terms of change in temperature (and sometimes other physical
quantities) and not directly in terms of emissions. The IAM computations first convert
the baseline of emissions into a baseline of temperature changes (such as I show in
Appendix B) and then apply the damage function to calculate monetized damages.
To the extent that changes in temperature at different points in time are not a simple
transformation of emissions (or of cumulative emissions up to that point in time), it is
83

It is not meant, however, to imply that the benefit curve for CO2 reduction would be similar to the benefit
curve in the conceptual illustration.

84

Mathematically, if the damage function is denoted D, and it is first converted from being a function of
temperature change to a function of cumulative emissions denoted D(E), then B(E) = D(BaU)-D(E). If
the change in temperature is a simple linear function of change in cumulative emissions, then the shape of
D(E) would be identical to the shape of the damage function, and the benefits curve in Figure 7 would be
an image of the damage function that has been rotated 180o on the horizontal axis.
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impossible to directly plot an IAM’s benefits curve directly from its damage function.
Nevertheless, it is apparent from the damage function formulas described in Section II
that as temperature changes increase, estimated damages increase, and do so at an
increasing rate. Further, as temperature changes approach zero, marginal damages fall.
Therefore, the marginal damage for different emissions levels varies in IAMs in a manner
that is generally like that illustrated in the conceptual Figure 7 above. 85
An additional understanding of the conceptual diagram in the context of calculations of
benefits from reduction of CO2 emissions is the intertemporal aspect of climate change
damages. In its simple form, Figure 7 might be interpreted as the marginal benefits for a
ton of emission in a single year. However, the appropriate way to interpret this figure in
the context of CO2 emissions is as if the x-axis reflects a cumulative measure of all
emissions over the modeling horizon. Thus, it is very difficult to graph the actual
benefits curve implicit in an IAM. However, an understanding of the damage functions
in IAMs and their multi-year damage computations indicates the marginal benefit of an
emissions reduction that is just one isolated change against the projected baseline of all
future emissions will be different from the marginal benefit of that same physical ton
when viewed as the first and only ton to be emitted going forward. It will also be
different from the marginal benefit of that same physical ton if it is part of a
comprehensive regulatory scheme intended to keep global emissions at a level
substantially below the projected BaU baseline. Since the purpose of pricing CO2
emissions at all is to drive emissions down to levels well below the BaU baseline that the
IWG has assumed, it is reasonable to base a SCC value on the marginal damage of
incremental tons calculated as part of that lower-than-BaU projection of future emissions.
I have now established that the marginal benefit of avoiding an incremental ton of CO2
emissions varies, and that it might vary by a large amount over the range from baseline
down to zero emissions. Let us now return to the question of which marginal benefit
estimate is the one that should be used as the value to internalize environmental costs into
individual decisions – which is the question most appropriate to the current Minnesota
proceeding.
The idea of applying an externality value as a price on emissions comes from economic
theory that finds that the individual decisions of profit-maximizing businesses and utilityoptimizing consumers will find the most cost-effective ways to reduce emissions to meet
a regulator’s emissions target if they are required to pay for each ton they emit if they
choose not to instead reduce their emissions. If the price per ton is set at the marginal
benefit associated with attaining the optimum emissions level, MB*, then those who face
per-ton control costs greater than MB* will pay that price, and those who face per ton
85

This might not be true if every incremental ton of emission were to have a varying and declining
incremental effect on temperature that would exactly offset the increasing damage for a unit of
temperature increase. There is no reason to believe this specific relationship would exist in any of the
IAMs.
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control costs lower than MB* will reduce their emissions rather than pay that price.
Given that MB* is intended to be set at the point where MB*=MC* over the aggregate of
emissions sources, this decentralized emissions-pricing scheme will result in emissions
reductions down to the level E* (see Figure 7), and, by harnessing the informational
efficiency of prices, doing so in a more cost-effective manner than a central planner could
achieve.
Thus, the appropriate estimate of marginal damages to apply in the case of a set of
environmental cost values for CO2 based on the concept of externality pricing would be
an estimate associated with a level of projected emissions that is viewed as the ultimate
goal of regulating this externality. As should be clear by now, the estimated damage
associated with the last ton emitted in the unregulated baseline of projected global
emissions is incorrect. It is reasonable to anticipate that the marginal damage of the last
ton (as the IWG has estimated) is higher than the marginal damage estimated at or near
the optimum CO2 emissions projection target. I will demonstrate this to be the case when
I turn to additional model runs on this point in part E of this section.
Before moving on, it is worth noting that many people do not trust the use of a price per
ton to drive independent players towards a BCA optimum. This distrust stems from
various concerns.
•

One concern is that companies will not pay attention to the environmental cost
values and continue to make decisions as they did without regulation. This
concern has no relevance to the Minnesota application because the Commission
will be charged with ensuring that its environmental cost values are appropriately
incorporated into resource planning decisions.

•

Another concern is that the benefit-cost optimum will be miscalculated because
some people expect costs in a BCA to be overstated. Thus a lower emissions
target would be required than might be assumed when assessing the marginal
benefit. If this is a well-founded concern, however, the proper solution would be
to estimate the marginal benefits at an even lower emissions level. As the BCA
diagram indicates, this would only lead to a lower environmental cost value. That
is, if the costs are lower than estimated, more emissions reduction will occur at a
given environmental cost value than initially expected, and the optimal emissions
level can be lowered while also lowering the associated marginal benefits at that
optimum. What emissions level should be viewed as BCA-optimal is uncertain,
but if it does involve a large reduction from BaU emissions, then the correct
marginal damage estimate is certainly not the one calculated for a small change
away from the BaU levels, as the IWG has calculated for its SCC values.

•

Yet another concern that may be expressed is that the damages from climate
change are so large that emissions need to be reduced as low and as fast as
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possible. Given the costs that most economic models estimate for doing so, none
of the environmental cost values that has been assessed would accomplish such a
reduction — not even the ones that consider the last rather than the first ton’s
marginal damage. Of more relevance to this discussion, this particular concern
would imply that estimates of marginal damages from IAMs are so far from
correct that the IAMs are not a useful tool for setting climate policy — or for
establishing marginal damage cost estimates. There are many policy analysts who
would agree with that conclusion, but the solution to their concerns is not to
simply value the marginal damage at the wrong point on the benefits curve. An
invalid calculation based on a model that is deemed unreliable is not better than a
valid calculation based on that tool. The solution would be that the IAM tools
should be rejected outright, and if alternative, more reliable methods of
computing environmental cost values for CO2 cannot be found, then the
Commission should conclude that such values are not practicable to estimate.
There is an alternative regulatory approach to address the concerns that many people
have expressed with use of monetized environmental values (“prices”) to drive individual
investment decisions, which is to set a cap on emissions rather than a price on emissions.
This is a well-known dichotomy in regulatory policy design, with each approach having
its advantages and disadvantages (see, e.g., Weitzman, 1974). The concerns I have
described above reflect the widely-cited disadvantages of the pricing approach. If instead
a cap were to be imposed and market-based measures allowed to help attain a cap, the
price on emissions would rise to whatever level would be necessary to attain that cap.
That is, if the cap were to be set at E*, E* would be attained even if the marginal cost
estimates used to identify E* as the BCA optimum were too low. In the process of
forcing attainment of the cap, the higher-than-estimated MC at E* would become the
market price on emissions. This would mean that the price per ton of CO2 driving
emissions control decisions would be higher than the estimate of MB*, possibly far
higher. If this did occur, however, one could not argue that the market price on emissions
reflects the true CO2 marginal externality value, as it would only reflect the marginal
cost-of-control to get total emissions down to the selected cap.
The merits of the cap approach for managing emissions are widely discussed in policy
circles; however, that discussion will not be repeated here because it has no relevance to
the proceeding for Minnesota. The fact is that the Minnesota law requires environmental
cost values to be adopted, if practicable, and that is a mandate for the price-based
approach. Further, the term “practicable” does not logically extend to using available
valuation tools such as the IAMs in ways that estimate the wrong marginal benefit simply
because that incorrect $/ton estimate might be higher than the best correct estimate that
can be obtained using those tool. Either the best correctly-framed estimate should be
derived from the available IAMs, or the IAMs should be discarded as unreliable tools, or
the law should be changed to require a cap rather than a monetized estimate of the
externality value.
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2.

The Compensatory Damages Perspective

Another perspective that might be used to interpret the term “damage cost approach” is
that the $/ton value is to reflect an estimate of the compensatory damages that might be
ascribed in the future to emissions that a Minnesota power company may emit today. An
interpretation of the Minnesota statute as seeking estimates of future potential
compensatory damages does not necessarily imply that companies will be assessed those
damages in the future. One might see it as incorporating the possibility of potential
future compensatory damages into resource planning decisions today to manage that risk
by balancing it against financial costs of alternative plans. One might also see
Minnesota’s effort to incorporate potential environmental damages into its decisions
today as evidence of good faith behavior on its part.
Under this second perspective, there is still no reason to treat the tons that Minnesota’s
power generators may emit in the future as if they would be the last incremental ton
among all the tons that will be emitted globally over the next 300 years. In fact, the
consideration by Minnesota to limit its emissions now as “leadership action” in advance
of any such consideration by the vast majority of other global emitters could be viewed as
a reason to treat the Minnesota tons in question as if they would be the first incremental
tons of all those that will be emitted in the baseline projection, given that they would also
be among the first tons to be avoided.
At a minimum, however, it is difficult to argue that Minnesota power generators should
be considered any more responsible for the climate damages it contributes to than any
other emitter. This is because the overall level of those damages will be the cumulative
effect of all future global emissions, and Minnesota’s generators contribute just a tiny
fraction to a marginal damage that is determined by the combined actions of all emitters.
Recognizing responsibility for global climate change from future emissions is shared by
all future emitters, a more appropriate and fair estimate for the compensatory damage of
individual emitters such as Minnesota’s power generators would therefore probably be
the estimated average damage per ton of all future manmade tons in the baseline.
Interestingly, this is consistent with the method of valuation that was used by MPCA
witness Mr. Ciborowski and adopted by the Commission in 1997 for its current CO2
environmental cost values. (However, even the use of the average damage per ton is an
overstatement if it is calculated based on a BaU baseline. That average calculation
essentially capitulates to the notion that there never will be any global action taken to
reduce CO2 emissions away from those non-regulated baseline projections.)
Thus, the compensatory damages perspective also leads to a prescription for evaluating
the CO2 environmental cost values that is different from the IWG’s approach. If
Minnesota’s environmental cost values are supposed to reflect the potential for
compensatory damages, it is inappropriate for Minnesota to view itself as responsible for
the marginal damage associated with the last ton added to the entire BaU baseline of
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future emissions. An estimate of the compensatory damage per ton would more
appropriately be based on the marginal damage of the first ton emitted in the future, or on
the average damage of emissions associated with a scenario in which global action is
taken to avoid the worst of the climate change outcomes that are part of the IWG’s
baseline scenarios.

E.
Quantitative Sensitivity of the Marginal Damage Estimate Along the
Damage Function
To understand the sensitivity of the estimated SCC value to the question of which
emissions levels should be the point at which the marginal damages should be computed,
I consider what the marginal benefit is if the Minnesota tons in question are viewed as the
first increment to all future anthropogenic tons, rather than the last increment to a BaU
baseline. For reasons explained above, the correct marginal benefit estimate may be
more correctly attributed to the first future ton emitted or to some value between that first
ton and the last ton that the IWG’s estimates consider, or to the average ton (which would
also be somewhere between the marginal damage of the first and last ton). 86
To perform this sensitivity analysis, the same three IAMs were used that the IWG used,
and no changes were made to the damage functions or any other choices in the IWG’s
analysis framework. To compute the marginal damage for a 2020 tonne as if it were the
first tonne to be emitted going forward, the models were modified so that the baseline
scenario represents no anthropogenic emissions occurring after 2020. The specified
increment in tonnes is then applied, and its damage per tonne is estimated by the IAMs in
the usual manner. Appendix A describes in more detail the changes that the NERA team
made to the models to perform these “first marginal tonne” runs. The results of these
sensitivity runs are shown in Table 6.
As Table 6 shows, the average reduction in the SCC across the three models for the five
different scenarios is 30% and 35% under discount rates of 3% and 5%, respectively. If
one takes the average of the last and first tonne to be a proxy for the marginal damage if
emissions are halved from the BaU level, the resulting averaged SCC is about 17% lower
than the IWG’s SCC estimate.

86

The IAMs could also be used to calculate the average damage per ton, by estimating the difference in
consumption in the baseline scenario and in a second scenario that has no future emissions, and dividing
the present value of that difference by the total baseline tons in the entire modeling horizon. I have not
performed such a calculation for the results presented here.
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Table 6: Comparison of SCC Value for First and Last Tonne (2007$/tonne)

Thus, as expected, IAMs have marginal benefits of avoided emissions that vary over the
level of emissions. As I inferred from information on the shapes of damage functions in
the IAMs, the marginal benefit declines as one moves from the marginal damage of the
last tonne emitted in the baseline down to the marginal damage of the first tonne emitted
in the baseline. I do not find the first incremental tonne emitted has a damage of zero,
which is probably primarily because the sensitivity case has not eliminated the continued
effect on radiative forcing of tonnes that have already been emitted prior to 2020. As
those prior emissions cannot be undone, they impose a certain amount of committed
increase in temperature. Against that committed temperature change, even the first
incremental tonne of future emissions will be associated with a non-zero marginal
damage. It is, however, less than the marginal damage of the last incremental tonne of
future emissions that the IWG’s analysis has estimated.
These sensitivity runs demonstrate the fact of varying marginal damages for different
baseline emissions trajectories. I make no attempt to assess the optimal emissions
trajectory that should be the baseline against which optimal marginal damage values
should be estimated. Many people probably believe the optimal emissions trajectory
should be much lower than any of the BaU socioeconomic projections of the IWG. It
might be at the level of the emissions that are represented in the “5th scenario,” which
represents a baseline that reflects an optimal path to stabilization of atmospheric
concentrations at double preindustrial levels, 550 ppm. It might be closer to zero
incremental future emissions, as analyzed in the above sensitivity analysis. Wherever the
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optimal trajectory might lie below BaU conditions, its associated marginal damage
estimate will almost certainly be less than the SCC values the IWG estimated.

F.

Recommendation for Use in Minnesota Proceeding

Damages from emissions that Minnesota chooses to avoid or eliminate in an effort to
show leadership in responding to climate change should be valued in a range between
treating them as if they were the first incremental anthropogenic GHG ton to be emitted
(going forward in time), and treating them as the marginal ton evaluated against a
baseline reflecting a very large cumulative emission reduction relative to the BaU
forecasts. To approximate these damages assuming use of IAMs, I recommend setting
the upper bound as the average of the marginal damage estimates for the first and the last
ton in the IWG projections. This latter average does not imply any specific global target
for future GHG emissions, as I do not know the precise shape of the benefits curve
between the first and last ton. However, it suggests a significant reduction in global
emissions relative to BaU, but far less than a zero-emissions policy.
Both of these recommended ends of the range are based on an interpretation of the
environmental cost values as being based in the BCA-based framework. However, I note
that if the environmental cost values are viewed as compensatory damages, I would
recommend that Minnesota’s fair share of the damages be viewed based on the average
damage cost from all anthropogenic GHGs that are projected to be emitted in a scenario
that reflects substantial global control action beyond the unilateral reductions of a
Minnesota resource plan. Given the apparent shapes of the IAM damage functions, the
average damage per ton will be less than the marginal damage of the “average” ton that I
have recommended as an upper bound to address the analytical framing question of
“which marginal ton” in a manner most appropriate for Minnesota.
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VI.

SELECTING AN APPROPRIATE MODELING HORIZON

A.

Introduction

One of the key analytic framing decisions that an IAM user must make to obtain a SCC
estimate is how far into the future to calculate impacts from the date of a particular
emission change, also known as the modeling “horizon.” The horizon is a choice for
each type of analysis and may differ depending on the purpose for a particular analysis.
In choosing the ending point for analyzing impacts of a regulation, the OMB states: “The
ending point should be far enough in the future to encompass all the significant benefits
and costs likely to result from the rule.” 87 However, this guidance was written to apply to
all types of regulations, and not with GHGs and climate change policy specifically in
mind. (OMB’s guidance was also not written with utility integrated resource planning in
mind at all.) As this section will explain, several fundamental issues arise in the case of
IAMs that make it not practicable to calculate SCC estimates that are to be applied to
near-term emissions of CO2 by extending the IAMs’ modeling horizon to the very last
point in time at which the formulas in the IAMs indicate that some residual radiative
forcing may exist from near-term emissions.
In this section I first discuss the modeling horizons used by the IWG and other climate
change policy analysts. I then discuss a number of issues with practicability and
reliability of the IAM formulas for estimating damages, and the interaction of those
issues over different parts of a modeling horizon. This discussion indicates that the
modeling horizon that the IWG used is far too long to allow the damage estimates to have
evidentiary support, particularly if relying on fixed baseline scenarios of the type that the
IWG has employed in its IAM model runs. These reasons include the fact that the IWG
scenarios contain extremely high temperature increases that, push the IAM damage
functions to an extent of extrapolation that separates them from their limited scientific
and empirical basis, while unrealistically assuming that future generations facing such
vast temperature increases will passively endure them with no societal or technological
response at all, even though they are assumed to be much wealthier than we are today. 88
Additionally, the IWG horizon entails increasingly large uncertainty about how impacts
from climate change will be valued in the future, which becomes purely speculative after
about a century. I then provide a quantitative sensitivity analysis by running the IAM
scenarios that the IWG employed with alternative modeling horizons. The analysis
shows the substantial extent to which an overly long modeling horizon choice may
87

OMB, 2003, p. 31.

88

The increase in real GDP per capita in the IWG’s baseline forecasts is discussed in more detail in Section
VII.D. The higher future GDP drives up the IAM estimates of damage for a given amount of temperature
increase, yet growth in real wealth should also drive up societal resilience and ability to innovate new
responses to climate threats. The IWG’s IAM scenarios ignore the resilience potential implied by higher
wealth.
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undermine the credibility of the SCC value, particularly when also using lower discount
rates.

B.

Modeling Horizon Choices Made by the IWG and Others

The IWG’s SCC analysis calculated damages over nearly a 300-year period, using a
model horizon of 2300. The IWG provides no justification based in evidence, and makes
it clear that this was a subjective judgment when its report states: “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.” 89 Relatively long time horizons are widely known to be
one of the defining features of climate change policy evaluation. Two of the three IAMs
already had a computational capability to run well beyond 2300, while the third (PAGE)
needed to be extended by an additional 100 years to accommodate a longer horizon.
However, little discussion has occurred regarding what period of time is justifiable from
the perspective of reliability and credibility of the responses, and the IWG did not
provide any evidence that 2300 is reasonable in that regard. Nevertheless, the IWG
sought SCC estimates based on internally-consistent projections of emissions and GDP
inputs that would also be reflective of the best available professional views. What they
encountered in this regard is instructive.
The IWG chose to establish its own baseline projections of emissions and GDP as inputs
to their IAM runs, known as the IWG’s “socioeconomic” scenarios. 90 After reviewing
the available options, the IWG decided to use five sets of baseline projections from a
recent multi-model project to explore climate change control scenarios called EMF 22.
The point of this study was:
to construct a high quality, coordinated set of policy scenarios using state
of the art models to inform ongoing and upcoming climate policy
discussions. In particular, EMF 22 focused on moving away from
idealized policy scenarios, which have been the primary focus of
international modeling, toward scenarios that are more representative of
real policy discussions today. 91

89

IWG, 2010, p. 25.

90

This was desired so that they could run all three IAMs with the same underlying baseline assumptions,
thus standardizing one set of important input assumptions to the SCC calculation. The socioeconomic
scenarios also included population projections, although I have determined that the population
assumptions play little or no role in determining the IWG’s SCC estimates.

91

Energy Modeling Forum, “EMF 22: Climate Change Control Scenarios,” Available:
https://emf.stanford.edu/projects/emf-22-climate-change-control-scenarios.
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An immediate difficulty that the IWG faced was that the EMF 22 projections had only
been developed through the year 2100. 92 Thus, even the best available modeling effort
attempting to develop realistic rather than idealized scenarios specific to the inherently
long-run concern of climate policy chose to make projections through only 2100. As a
result, the IWG made its own judgments on how to extend these socioeconomic
projections from 2100 to 2300. Although the IWG explains how it chose to extrapolate
the EMF projections, the judgments for those extrapolations are not evidentiary-based.
For example, IWG gives its basis for the 2100-2300 GDP extrapolations as follows:
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. 93
The IWG provided a similar rationale for the 2100-2300 emissions extrapolation:
Maintaining the decline in the 2090-2100 carbon intensity growth rate (i.e., CO2
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. 94
Although the IWG explains the types of events that are implied by its scenarios, the
IWG’s basis for assuming those particular events will occur is minimal. In the first
example, the IWG’s basis is that the choice is “simpler” to explain; in the second
example, the IWG’s basis is to let a trend “continue” (even though this entails assuming

92

IWG, 2010, p. 25.

93

Ibid., p. 44.

94

Ibid.
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that a trend of only ten years’ length projected to occur just prior to 2100 will endure for
another 200 years, through 2300).
Reasonable or not, these extrapolations of the IWG beyond 2100 are highly speculative
and not supported by facts, available evidence, or peer-reviewed analyses. Furthermore,
a recent study by the Electric Power Research Institute (EPRI, 2014) evaluates the
reasonableness of these IWG projections in detail and concludes “As a group, the
extensions lack a coherent, viable, and intuitive storyline (or set of storylines) that drive
all of the extensions from 2100 to 2300.” 95 EPRI arrives at these conclusions for the
following reasons.

95

•

The forecasts are not self-consistent. The IWG extrapolates land-use CO2
emissions, non-CO2 radiative forcing, population, GDP, and fossil and industrial
CO2 emissions. But these extrapolations are done in isolation without considering
the effect of one forecast on all other forecasts. Therefore, the set of extensions
lack internal consistency. 96

•

The forecasts are inconsistent regarding physical facts. EPRI finds all the IWG’s
extensions except the 5th Scenario result in an amount of CO2 emissions that
greatly exceed the CO2 emissions that could come about from the combustion of
all current estimates of global fossil fuel reserves. Current estimates of total CO2
embodied in reserves of fossil fuel fall between 3,700 and 7,100 Gt CO2. All
IWG scenarios except the 5th Scenario forecasts total cumulative emissions in
excess of 8,100 Gt CO2 in 2200 and above 10,900 Gt CO2 by 2300. The MERGE
scenario’s cumulative 2300 emissions exceed the emissions from reserves by 4.5
to 8.5 times. None of these relationships invalidate the IWG scenarios because
new technologies could be developed or resources found that would greatly
increase the level of reserves, but this would likely mean a significant increase in
fossil fuel prices. However, none of the IWG extensions consider the feedback
that the high demand for fossil fuels could have on the prices of fossil fuels.
EPRI notes this relationship between current reserves and the amount of fossil
energy that the IWG’s extensions imply will be needed “further illustrates the
need to consider socioeconomic structure and its uncertainty in the development
of socioeconomic and emissions assumptions.”97

EPRI, 2014, p. 4-14.

96

Population growth rate declines linearly, reaching zero in the year 2200. GDP/ per capita growth rate
declines linearly, reaching zero in the year 2300. The decline in the fossil and industrial carbon intensity
(CO2/GDP) growth rate over 2090-2100 is maintained from 2100 through 2300. Net land use CO2
emissions decline linearly, reaching zero in the year 2200; and non-CO2 radiative forcing remains constant
after 2100.
97

EPRI, 2014, p. 4-15.
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•

There is a lack of diversity among the forecasts. The possible ways in which the
world will evolve over the next three hundred years is much greater than five.
But in some ways, the five scenarios represent only two regulatory outcomes.
The four EMF scenarios represent a BaU situation where no action is taken to
reduce GHG emissions, and the 5th scenario represents a scenario in which the
world strives to be on a 550 ppm CO2 concentration.

•

Furthermore, the formulas to project the post 2100 forecasts for population, GDP
per capita, carbon intensity, net land use CO2 emissions, and non-CO2 radiative
forcing are the same for all scenarios. Therefore, the IWG fails to consider a
broad range of ways in which the market could evolve as required in the OMB’s
guidelines for regulatory analysis.

As explained in Section II.B, the current estimates of CO2 environmental cost values for
Minnesota were based on estimates of loss in GDP due to projected temperature changes
through the year 2100, with an assumption that temperature will have increased 4 oC
above pre-industrial levels by that time. Mr. Ciborowski (the witness who prepared those
estimates) relied upon projections that either ended by or before 2100, 98 or addressed
only temperature changes of 2.5 oC or 3 oC, which were being projected to occur well
before 2100. 99
These researchers’ decisions to limit their analytic horizons (observed in both Mr.
Ciborowski’s references and also in the EMF 22 scenarios) are not because they fail to
understand that damages from GHG emissions in the near term will last beyond 2100.
Rather, modelers know that the uncertainty in any projections they can make expands as
those projections go further in time, until at some point the projections are not useful or
meaningful. When the projections depend strongly on assumptions about technologies
and/or consumer preferences, analysts feel that horizons much beyond 80 to 100 years is
where uncertainty reaches that overly speculative point. Cline (1992) is the one source
that Mr. Ciborowski relied on that considers the role of potential damages in the far
future (2250), at much higher temperatures (10 oC), and even he presented his
calculations as a “conceptual” exercise. He concluded:
[P]erhaps the single most important need for research on greenhouse policy is to
identify the prospective damages over the very-long-term, on the order of 250-300
98

These include Scheraga et al. (1993) which ends its damage projections in 2050 (cited as a source of
damage estimates in Table 3 of Ciborowski, Rebuttal Testimony, E-999/CI-93-583, p. 24) and IPCC
(1990) and EPA (1990), which end in 2100 (cited as the source of temperature change and GDP growth
projections, respectively, in Table 4 of Ciborowski, Rebuttal Testimony, E-999/CI-93-583, p. 40.)

99

These sources include Fankhauser (1993) and Nordhaus (1991a,b), which only address damages at a
point in time when temperature increase will have reached 2.5 oC or 3 oC, respectively. These changes
were expected to occur by about 2050, and their damage estimates were calculated as if that event were to
occur immediately (in terms of the assumed GDP composition).
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years. The scientific community simply has not made these estimates…The
furthest out the scientific community has yet been prepared to venture is to the
year 2100. 100
In making this statement, Cline makes it clear that projections of damages beyond about
2100 are simply thought experiments that cannot be treated as credibly as the estimates
for the period up through 2100.
As discussed in Section II, this state of scientific uncertainty remains today. Even though
IAMs have advanced since the early 1990s to the point where they can readily perform
the computations of damages over a long horizon, the climate policy analysis community
still lacks credible damage function and socioeconomic projections that are the necessary
input assumptions to produce long-term damage estimate outputs that can be considered
credible or quantitatively reliable.
Whatever modeling horizon is used in a SCC analysis, the IAM analysts should inspect
and report the degree to which the resulting SCC estimates rely on relatively wellfounded portions of their projections and on the relatively speculative portions. While
relatively speculative estimates of SCC may be useful for conceptual inputs to general
policy discussions, it is unreasonable that specific near-term investment decisions be
determined by SCC estimates that have an exceptionally large speculative component.
The choice of time horizon for framing an IAM analysis is the lever for managing the
magnitude of the speculative component in SCC estimates to levels that are deemed
appropriate for their intended use.
The IWG’s SCC estimates have not been evaluated in this manner, but this can be done
as the next section shows.

C.
Reasons the IWG Modeling Horizon Choices Are Not Appropriate to
the Minnesota Application
1. Temperature Changes in the IWG Scenarios Require Excessive
Extrapolation Beyond the Evidentiary Basis for the IAM Damage
Functions After About 2100
The IWG report provides no description of the temperature changes that its model runs
assume to occur through 2300. This is important to check in order to understand the
extent to which the SCC estimates are based on extrapolations that go far beyond the
evidentiary basis for the IAMs’ damage functions. As explained in Section II, the IAM
damage estimates in any year are primarily a function of the projected change in
temperature in that year relative to pre-industrial levels. Further, the damage functions
are simple, smoothed curves fitted through some very limited empirical evidence
100

Cline, 1992, p. 57.
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associated with temperature changes of 3 oC and less. The assumed functional form
(shape) of the damage curve, not data or sound economic reasoning, determines how
large monetary values of damages would be for temperature changes exceeding about
4 oC and reaching increases of over 17.5 oC in some cases.
Thus, the extent to which a SCC estimate is driven by damages from temperature
increases that exceed about 4 oC determines the speculative content of the SCC. I find a
very large portion of the time horizon in the IWG scenarios is subject to this particular
form of speculation, as explained below.
The IWG correctly recognizes that there is much uncertainty in an input assumption
called the ECS. This is a simple single parameter value, but it determines how high the
global average temperature increase will be (at the steady-state equilibrium level) when
atmospheric concentrations of CO2 are double pre-industrial levels. However, much of
the well-known scientific uncertainty associated with the potential for temperature
increases is tied to this parameter, estimates of which are broad. The IWG has assumed a
probability distribution on the ECS parameter that is treated probabilistically in all of its
IAM runs. In brief, the ECS distribution assumed by the IWG has a median value of 3,
and an 80% confidence range of 1.91 to 5.86. 101 Beneath each of the 15 individual SCC
estimates (i.e., for three IAMs and five socioeconomic scenarios), there lie 10,000 model
runs, each of which has assumed a different value for the ECS input assumption. 102
Because the median of the IWG’s ECS probability distribution is 3, about 50% of those
runs assume an ECS input value above 3 and about 50% assume an ECS input value
below 3. Broadly speaking, higher ECS assumptions are associated with higher SCC
values and thus the 50% of the 150,000 runs that assume an ECS above 3 drives up the
overall IWG SCC estimate. To the extent that half of the runs involve temperatures that
require overly large damage function extrapolations, they are also adding unwarranted
speculative content to the IWG’s SCC estimates. I therefore investigated the degree of
temperature increases in that half of the IWG’s runs.
Each of the 15 IAM-scenario combinations were run for fixed ECS values, and the
temperature estimates associated with these cases were reported. 103 Graphs of the
specific temperature projections are provided in Appendix B. A brief summary of the
findings are:

101

IWG, 2010, p. 13 (Table 1).

102

The final SCC estimate for each of the 15 IAM-scenario combinations is the average over all 10,000
runs, and the final “IWG SCC estimate” is the simple average of the 15 IAM-scenario combinations.
Thus, each IWG estimate is actually a simple average of 150,000 individual IAM runs.

103

There is no evidence in the IWG reports that the IWG did this; if they did, I am presently unaware that
the results have been reported in any public medium. I am confident that these results are correct because
they come from an analysis that can replicate the SCC estimates (see Section III).
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•

About 50% of the IWG’s runs of each IAM (which are averaged together to form
the IWG’s SCC estimates) have temperature increases greater than the following
values: 104
o By 2100: between 3.5 oC and 4.5 oC,
o By 2200: between 4.8 oC and 7.7 oC,
o By 2300: between 5.2 oC and 9.0 oC.

•

About 10% of the IWG’s runs of each IAM (which are averaged together to form
the IWG’s SCC estimates) have temperature increases greater than the following
values: 105
o By 2100: between 4.5 oC and 9.4 oC,
o By 2200: between 7.7 oC and 15.2 oC,
o By 2300: between 8.9 oC and 17.5 oC.

Projections of temperature change this large are certainly a cause for concern, but that
does not mean that SCC $/ton estimates based on temperature increases this large are
reliable under Minnesota law as a basis for assigning environmental cost values to current
power plant CO2 emissions.
Given that undue speculation in damage estimates arises when temperature increases
exceed about 4 oC, undue speculative content in SCC estimates based on the IWG
scenarios and models could be reduced (but not eliminated) by limiting the modeling
horizon to 2100. (This would simultaneously eliminate the speculation made by the IWG
when extrapolating the EMF 22 GDP and emissions projections beyond 2100.)
2. IWG Scenarios Unrealistically Presume That Society Will Passively
Let Exceptionally High Temperatures Proceed Unchecked
A separate concern with the credibility of the IWG’s SCC estimates is related to the way
that the IWG “fixes” its emissions trajectories, with the result that even very extreme
temperature increases that occur in some of the scenarios are never modified. The IAM
runs implicitly assume that the world’s population will stand by and allow themselves to
104

The range reflects the 50th percentile temperature levels of the three different IAMs. These ranges
exclude the 550 ppm stabilization “5th” scenario, which naturally is lower, as it should not exceed 3 oC if
concentrations never exceed 550 ppm (which is the concentration that is double pre-industrial levels), and
if the ECS is 3.

105

The range reflects the 90th percentile temperature levels of the three different IAMs. These ranges also
exclude the 550 ppm stabilization “5th” scenario, which naturally is lower, although it too exceeds 4 oC in
every case when the ECS is set to its 90th percentile value of 5.86.
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“cook” in the face of the truly extreme temperature increases. That is, the IWG scenarios
contain no options for learning or response, no matter what signals emerge that increases
in temperature will be on the pessimistic end of the range.
This is an unrealistic assumption even over 100 years and is implausible when assessing
societal damages in a period 200 to 300 years from now. It assumes no use of
technologies that are feasible even today, such as geoengineering to either remove carbon
from the atmosphere, or to create atmospheric changes that will have a countervailing
cooling effect. It also assumes no unforeseen technological advances in the next 100 to
300 years that may either provide better solutions or more effective forms of adaptation
than the models assume, which is hardly likely given the remarkable advances that have
occurred in the past 100 years. Such lack of responsiveness is particularly unrealistic to
assume given that the IWG socioeconomic scenarios assume that (in terms of real
consumption per capita) global society will be 3 to 5 times wealthier by 2100, and
between 7 and 25 times wealthier by 2300. 106
Thus, the IAMs may provide useful computational efficiency, but the IWG has used them
in a way that is out-of-line with any realistic view of society’s likely response to actual
climate change, if the world turns out to be consistent with pessimistic views. With very
long-run projections that include probabilities of both high-risk and low-risk outcomes, a
decision analytic model with flexibility to respond to bad outcomes with additional action
is needed to obtain more realistic views of expected damages. Although one cannot
dismiss the more pessimistic of the IWG’s temperature projections as a matter of
scientific possibility (given IWG’s socioeconomic projections), one can dismiss the use
of the IAMs with fixed socioeconomic projections that assume passive societal
acceptance for at least 300 years of any amount or rate of temperature change that may be
computed inside the IAM.
NERA has conducted sensitivity analyses with the IWG scenarios to assess the
differences in their SCC estimates if there were a global response to stop climate change
should it become apparent that temperature increases will be exceeding 2 oC (but with no
action until that outcome is clearly on the horizon). The details of these scenarios are
described in Appendix C. In brief, they show that the resulting SCC estimate is
comparable to the SCC estimate that is produced by the IWG’s “passive” analysis if the
IWG modeling horizon were to end at about 2130.

106

These statements are based on the increase in real GDP per capita in the IWG’s baseline forecasts,
which are discussed in more detail in Section VII.D. The higher future GDP drives up the IAM estimates
of damage for a given amount of temperature increase, yet growth in real wealth should also drive up
societal resilience and ability to innovate new responses to climate threats. The IWG’s IAM scenarios
ignore the resilience potential implied by higher wealth.
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3. Excessive Speculation Is Required to Assign Societal Preferences to
Resource Changes After About a Century in the Future
A third reason to be concerned with excessive speculation in SCC estimates based on
modeling horizons of 300 years is unrelated to the amount of projected temperature
change in the IAM calculations. It is tied to the fact that the IAM calculations of societal
damages require an implicit assumption that what would be a large welfare loss if it were
to occur today will have the same implication on welfare up to 300 years from now.
As Section II explained, the IAM’s damage functions are based on some limited
empirical evidence and reasoning about the current shares of GDP associated with certain
sectors (e.g. agriculture, energy, etc.) and how much those particular sectors (given
today’s technologies) would be impacted by a temperature increase of up to 3 oC. These
estimates are then extrapolated to monetize what the value of the damages might be if the
temperature change were higher. These damage functions are also extrapolated
temporally, with the assumption that the mix of resources that make up GDP as much as
300 years from now will be essentially the same mix as today. The temporal
extrapolation of the damage function also assumes that the sensitivity of individual
components of GDP to higher temperatures will remain the same as far as 300 years into
the future as today’s technologies and know-how cause them to be today.
There is simply no reason to expect that these assumptions will be true. As centuries pass,
not only will GDP grow, but the contributions of different resources and sectors to that
GDP will change; furthermore, the technologies and know-how of society will advance.
Thus, what would be climate-sensitive today may not be anywhere near as sensitive in
the future.
The speculation involved in making 300‐year projections of societal preferences for
certain types of resources may be illustrated with the following analogy. What would
have happened if the same task of making socioeconomic projections was attempted
roughly 300 years ago, in 1715? How accurate would economic projections made in
1715 regarding today’s markets, levels of economic output, technologies, and lifestyle
preferences have been? Would such projections have anticipated the present importance
of reliable electrical services? Would they have overemphasized the importance of a
supply of horses? The socioeconomic projections of the IWG are inherently unreliable
because modelers are forced to rely on experience of recent history and present
knowledge to predict economic results through 2300.
Some economic activities that are relatively climate sensitive will become less important
to societal welfare in the future. One might argue that other economic activities that will
grow in importance to societal welfare in the future may be equally or even more climate
sensitive. This sort of rationale might be offered by some as a reason to assume that the
damage functions estimated with today’s conditions are probably the best estimate to use
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for the future. A flaw in the logic that GDP will remain equally temperature sensitive in
the future is that it assumes that the technologies and preferences that will be developing
over the course of decades to centuries in the presence of ever increasing temperatures,
will develop in directions that are completely random with respect to their vulnerability
to their surrounding environment. Thus, it is inconsistent with millennia of observations
about societal responsiveness to resource constraints and of innovation to address
perceived threats to important human needs. Nevertheless, any assumption about the
monetary value of climate impacts beyond the period of currently foreseeable
technologies is mere speculation.
What, then, is the period of time over which present damage functions can be considered
to be supported by evidence? One answer would be to look to the lifespan of
technologies available or foreseeable today, and that can be reasonably anticipated to be
installed when the extant but aging technologies are replaced. Even the longest-lived
technologies, such as electricity generating plants, rarely remain economical to operate
more than about 80 years; accounting for the period over which presently foreseeable
technologies might be adopted could expand the reasonable horizon perhaps another 40
years. This indicates that a modeling horizon for SCC estimates that do not contain
undue speculative content regarding monetized damages would be about 2100 and no
more than 2140. The reasonable horizon would be considerably less for projecting
societal values in sectors that are served by less long-lived forms of capital.
Stated another way, the amount of speculation about societal risks and preferences using
a 2100 horizon for SCC estimation would be similar to attempting to project societal
values associated with today’s medical procedures, devices, drugs and immunizations,
our communication methods such as the internet and smartphones, our range of food
sources, our uses of electricity and gasoline, our methods of electricity generation, and
our household appliances as an extension of the mix of services consumed and
technologies available in 1935. A 2140 horizon would be like attempting to estimate
societal values for such services and capabilities from the vantage point of 1895’s
demands and capabilities. The former would perhaps anticipate the relative importance
of various types of services within a degree of recognition, but overstate each sector’s
vulnerabilities. The latter would probably be far off base.

D.
Quantitative Sensitivity of SCC Estimates to Modeling Horizon
Choices
NERA conducted several additional IAM model runs to quantify the effects of the choice
of horizon on the value of the SCC. For this sensitivity analysis, SCC estimates to model
horizons of 2100 and 2140 were calculated. Table 7 through Table 9 show how the
results of the SCC under the 2100 horizon compare to the comparable estimates for the
2300 horizons for each of the 15 IAM-scenario combinations. Because the impact of the
horizon change differs substantially with discount rate, I provide the sensitivities under
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the 5% and 7% discount rates as well as against the 3% discount rate SCC estimates
recommended by the Agencies.
These results show the interaction of the model horizon with the discount rate in
determining the SCC value. The impact is very large both in percentage and dollar terms
if the discount rate is relatively low, and becomes less important if discount rates are as
high as 7% (the high end of the OMB’s recommended range). In other words, there
would be minimal speculative content to SCC estimates using 7% discount rates, but
there is substantial speculative content in SCC estimates using discount rates of 5% or
lower, if they also have a modeling horizon beyond 2100. For example, if a 5% discount
rate is employed, about one-quarter of the IWG’s SCC estimates’ value can be viewed as
coming from highly speculative assumptions, whereas for discount rates of 3% the
portion of the value coming from the highly speculative assumptions rises to about onehalf.

Table 7: Sensitivity of SCC to a Model Horizon Ending in 2100 (3% discount rate)
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Table 8: Sensitivity of SCC to a Model Horizon Ending in 2100 (5% discount rate)

Table 9: Sensitivity of SCC to a Model Horizon Ending in 2100 (7% discount rate)
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In addition, I provide the results of IAM runs that allow the horizon to extend as far as
2140 for 3% and 5% discount rates in Tables 10 and 11. As can be seen, about half of the
SCC damages that are attributable to impacts after 2100 are in fact attributable to impacts
after 2140 if the 3% discount rate is used.
On the other hand, if the 5% discount rate is used, the results are much the same as for
the 2300 horizon. This sensitivity analysis shows that the question of whether benefits
estimates become too speculative after 80 years, or after 120 years is an important one.
One should therefore consider carefully whether a projection of our current societal
activities and vulnerabilities could have been predicted in any meaningful way in 1895,
or even in 1935.

Table 10: Sensitivity of SCC to a Model Horizon Ending in 2140 (3% discount rate)
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Table 11: Sensitivity of SCC to a Model Horizon Ending in 2140 (5% discount rate)

E.

Recommendation for Use in Minnesota Proceeding

Estimates of damages from emissions that Minnesota may choose to avoid or eliminate
should not extend through the next 300 years. Any attempt to assign a monetary value to
changes in resources after about 100 years from the present is an exercise in pure
speculation. Any attempt to value damages associated with temperature changes well
above 4 oC is also fraught with speculation. But of equal concern is the manner in which
the IWG’s IAM analysis assumes that not a single additional action will be taken on the
part of the rest of the world, even as projected temperatures are observed to rise towards
and past 2 oC, and indeed, even as they exceed 4 oC and continue to rise towards well
over 10 oC. Any attempt to value damages associated with more than about 4 oC that
does not account for human reactions starting to take effect before that time is unrealistic.
Furthermore, the SCC estimates of concern for this proceeding are to address only tons
that will be emitted in the next decade or so, and those tons are not the primary
determinants of the IAM scenarios’ projected temperature changes that occur beyond
about 2100. For all these reasons, I recommend SCC values for resource planning
decisions affecting power generation over the next decade should be calculated using a
time horizon limited to 2100, or (at most) 2140.
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VII. SELECTING AN APPROPRIATE DISCOUNT RATE
A.

Introduction

A very important framing question in the case of regulations that have benefits and/or
costs that endure for a long period of time, as is the case with climate policy, is the choice
of discount rate. As this section will explain, this is not only a very important choice on
the part of the analyst, but the range of suggested values among the policy analysis
community is exceptionally wide. As this section will also explain, many of the
recommended values are driven more by moral philosophy than informed by empirical
analysis. In other words, recommendations for the right discount rate can be categorized
as either (1) descriptive of observed human behavior (i.e., consistent with market
evidence that reveals human preferences), or (2) prescriptive or normative in nature (i.e.,
reflects ethical opinions of analysts or decision makers that have no evidentiary basis).
In this section, I will review professional and government guidance on choosing a
discount rate and the distinction between descriptive and prescriptive approaches. Given
Minnesota’s preference for evidence-based assumptions, I will discuss discount rate
estimates that the descriptive approach can support. In this section I also address the
question of how intergenerational fairness can be considered within the IAM analyses
without resorting to lowering discount rates below their descriptive range.

B.

Why a Discount Rate Is Used and How It Is Applied

Before delving into specific discount rate choices that have been recommended and
adopted, it may be useful to first explain why discounting is done, and how a discount
rate is applied in computing a SCC.
Benefits and costs of many regulatory actions occur over time, making it often necessary
to compare estimates of impacts that occur near the present versus much later in time.
Policy evaluations can become even more complicated if the timing of costs and benefits
differ. The standard technique among analysts to make these comparisons is to first
convert each future value (whether a cost or a benefit) into a “present value” that reflects
what value society would assign to each of those future costs or benefits if they were to
be incurred now instead of in the future. The conversion of a future monetized value into
a present value is called discounting.
Once two different values that are projected to occur in different future years have been
discounted to their present values, they can be compared directly to each other, and can
be summed up to obtain a total present value. Once the annual values of a stream of
projected future benefits have been discounted to their respective present values, those
values can be summed to calculate the present value of benefits for the entire policy (for
the modeling horizon selected). This total present value of benefits reflects the maximum
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amount society would be willing to pay today in order to have a particular future stream
of benefits, and it can be compared to the present value of the cost of creating that stream
of benefits to determine the net benefit of the policy decision.
The formula for discounting is straightforward once the discount rate is selected. The
selected discount rate (usually stated as a percent per year) is converted into a “discount
factor” that is equal to the inverse of one plus the discount rate raised to the power of the
number of years from the present until the year the estimated benefit (or cost) is projected
to occur. 107 Thus, if the discount rate is 5%, the present value of a benefit of $1 that will
be gained next year is considered to be equivalent in the minds of the recipients to
receiving $0.95 today, and the benefit of gaining $1 in ten years is considered to be
equivalent in the minds of the recipients to receiving $0.61 today.
Whether discounting seems intuitive or not, there is a vast literature showing that this is
how people do behave, meaning that they do reveal preferences for consuming more now
than later (with the discount rate reflecting their degree of impatience). People also
reveal a willingness to limit their consumption today (i.e., “save”) if by doing so they will
add to their future consumption by an amount that more than offsets their impatience (i.e.,
if the return on their savings exceeds their discount rate). Economic theories explain how
this impatience results in a market for savings and investments in society, with
equilibrium interest rates that are determined by consumers’ discount rates (along with
other considerations such as tax rates, risk, etc.).
Thus, there are empirical (i.e., “descriptive”) approaches for developing reasonable
estimates of the implicit discount rates by which members of our society live and act.
However, as the IWG has noted:
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 [climate change] context. 108
This statement reflects the fact that debate about climate policy choices has run headlong
into a raft of concerns raised by some members of the climate policy community who
take a prescriptive rather than a descriptive stance. The essence of the prescriptive view
is that it is ethically unfair to discount the consumption of future generations in the
manner that those of us living today are willing to discount consumption decisions within
our own generation. These concerns will be addressed in Part D of this section.
107

For example, if one assumes a discount rate of 5%, then to discount benefits in 2020 back to 2015, five
years earlier, one would multiply the 2020 benefit estimate by 1/(1.05^5). Similarly, to discount a 2030
benefit estimate to a 2015 present value, one would multiply the 2030 benefit estimate by 1/(1.05^15).

108

IWG, 2010, p. 17.
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C.
Discount Rate Choices Recommended in Guidance and Adopted by
IWG and Others
The lack of consensus on discount rates, especially those that should be used for
evaluating climate change policies, is evident in the available BCA guidance. In a 2011
paper seeking to describe current principles for BCA practice, Professors Farrow and
Viscusi address the following question, “What is the appropriate discount rate with longterm risks?” Their response is:
How effects for future generations should be discounted remains a matter
of continuing debate which we do not believe has resolved into a specific
standard… Some economists have advocated preferential, lower discount
rates for future generations based on intergenerational equity concerns.
Suggestions that a zero discount rate be used have been widely rejected
since a permanent $1 annual loss would have an infinite value and would
swamp all other concerns in the analysis. Others have advocated
discounting of future benefits in the same manner as effects for the current
generation. A less future-oriented position is based on an assumption that
future generations will be more affluent than the current generation so
that there should be no preferential treatment of future generations if one
ignores intergenerational income inequality. Should differential discount
rates be used, such as a declining rate of discount over time, there is also
a potential problem of time inconsistency. For example, will the discount
rate sequence being applied to policies that have effects on future
generation effects be in line with the preferences of that generation, which
may have more present-oriented preferences for benefits and costs within
their generation than suggested by a steadily declining discount rate over
time? 109
This response makes it clear the discount rate question is debated more on ethical
grounds than on descriptive grounds. It also notes how the ethical concerns that lead to
certain prescriptions tend to founder on analytical problems, such as infinite values and
time inconsistency.
1.

Federal Guidance

The Federal government, in the form of OMB, provides more direct guidance, and asserts
that a certain range of discount rates be used in the form of sensitivity analysis given the
uncertainty and lack of consensus on determining the right discount rate. For regulatory
analysis, OMB (2003) instructs the agencies conducting RIAs of Federal regulations to

109

Farrow and Viscusi, 2011, p. 18.

82

Exhibit ___ (AES-D-2)
MPUC Docket No. E-999/CI-14-643
OAH Docket No. 80-2500-31888
provide estimates of net benefits using discount rates of both 3% and 7%, 110 with the
following rationales:
•

For 3%: The OMB recommends using a discount rate closer to 3% when a
regulation primarily affects private consumption. This rate is tied to the rate at
which people discount future consumption. This rate can be inferred by the rate
that society must receive to save money and hence forego consumption. As an
estimate of this savings rate, OMB points to the real rate of return on long-term
government debt. Taking the U.S. Treasury’s 10-year note as a benchmark, one
finds the real rate of return has averaged 3.1%. 111

•

For 7%: A real discount rate of 7% is recommended as a base case for regulatory
analysis. The 7% rate is derived from the average before-tax rate of return to
private capital in the U.S. economy. This measure approximates the opportunity
cost of capital, and should be used whenever the main effect of a regulation is to
displace or alter the use of capital in the private sector. 112

OMB (1992) also recommends using other discount rates to show the sensitivity of the
estimates to the discount rate assumption. In doing so, it notes that ethical considerations
are sometimes used to argue for a lower discount rate, but even if one were to endorse the
ethical approach, the discount rate should still be positive, reflecting real economic
growth. 113
2.

IWG Choices

The IWG was convened to recommend SCC estimates to be used in the Federal RIAs for
which OMB (1992, 2003) provides overarching guidance. The IWG applied a range of
discount rates, but it chose to ignore the requirements of OMB (2003) even though its
SCC values were supposed to be used in the same RIAs that are the subject of that
publication. After noting discount rates of 3% and 7% are required by OMB (2003) and
that one “might consider a further sensitivity analysis using a lower but positive discount
rate” in the case of intergenerational impacts, the IWG simply stated that “[f]or the
specific purpose of developing the SCC, we adapt and revise that approach here.” 114
Despite this decision to take a different approach than the OMB guidance, the IWG’s
primary reasoning for how to select a range of discount rates was centered on adherence
to the descriptive approach that lies at the heart of the OMB guidance for a range
110
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including 3% and 7%. The IWG ultimately chose three discount rates, 2.5%, 3%, and
5%. 115
The discount rate of 7% was discarded with no substantive explanation or discussion.
The apparent justification, however, would be because it is associated with regulations
that affect the use of capital in the private sector. The IWG noted its understanding that
the regulatory impacts measured by the IAMs are in consumption-equivalent units, and
that this argues for use of only the consumption rate of interest, while implying that a
discount rate of 7% is too high for that interpretation. 116
The calculation of SCCs using the IWG’s versions of the IAMs, however, is a one-sided
computation, in that it includes only the benefits side of the benefit-cost comparisons that
the Federal SCC values are supposed to be used for. Those benefits estimates will be
compared to estimates of costs that will indeed require private sector investments. The
separation of the IWG’s SCC computations from those control cost calculations means
that the projected consumption levels in the IAM scenarios fail to account for the
opportunity cost that the control costs will create. That is, each dollar spent to control
emissions will represent lost productive investment on the global economy; that lost
productivity will drag down the consumption that is driving the SCC calculations and at
least partially offset the projected consumption gains due to reduced climate impacts.
But only the latter effect – the consumption gains (and not the productivity losses) -- is in
the SCCs.117 The use of only a consumption rate of interest for discounting fails to
account for the opportunity cost impact on societal welfare from the spending that may
ensue. This could accumulate to a substantial amount of consumption loss if emissions
reductions resulting from application of the SCC to guide emissions reduction decisions
are large. Thus, the SCC estimate will be overstated to the extent that it uses a
consumption rate of interest without any accounting for the offsetting opportunity cost of
the spending that the SCC is used to induce. IWG (2010) does not give this possibility
any consideration even though it could justify use of discount rates higher than the range
that is based solely on estimates of consumption rates of interest.
The IWG then proceeded to develop a range that it considered appropriate for the
consumption rate of interest, rather than reverting solely to the 3% rate that OMB
suggested as its lower bound. The estimates of 3% and 5% are defended as being
consistent with empirically-observed market interest rates that are consumption-based.
The IWG concludes the discount rate of 3% is consistent with the average after-tax “risk115
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free” 118 rate that savers and borrowers use to discount future consumption (approximated
by the long-term return on 10 year U.S. Treasury notes). The IWG also concludes that
the discount rate of 5% is consistent with the average after-tax risky rate (approximated
by two studies considering the annual real rate of return in the stock market averaged
over periods of more than 50 years). 119
Thus, the IWG’s 3% to 5% range reflects a range of empirically-based estimates of the
consumption rate of interest that were independently developed by the IWG, with the
range attempting to account for different possible correlations between the “expected
values” of the IAM projections and market rates of return. However, there are a number
of reasons why discount rates above the IWG’s 5% high end would still have merit:
•

The level of 5% might be viewed as the more likely end of that range, based on
IWG reasoning. The IWG notes more risky rates would be warranted if there is a
positive correlation between net climate benefits and market returns, and this
might be expected because many of the IAMs’ climate benefits will flow through
market sectors such as agriculture and energy. 120

•

The IWG notes there is descriptive evidence to support even higher consumption
rates of interest than is apparent from market rates of return: “the high interest
rates that credit-constrained individuals accept suggest that some account should
be given to the discount rates revealed by their behavior.” 121 However, the range
chosen by the IWG does not reflect any such account being given.

Although the IWG finds the descriptive 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 the OMB’s existing
guidance,” 122 its decision to include a rate of 2.5% in its range of discount rates is
reflective of giving weight to the prescriptive perspective. The IWG notes “an active
area of research” on uncertainty in the consumption rate of interest over time would
suggest lower discount rates, and uses this to presume that the lower bound of 3% could
be made lower. However, it also notes the prescriptive approach would lead to a range of
rates from 1.4% to 3.1%, then concludes “we find it difficult to justify rates at the lower
end of this range,” implicitly suggesting that rates just below 3% might be acceptable to
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them yet justified on a prescriptive approach basis. 123 When the IWG then includes a
2.5% rate, as well as the 3% and 5% rates that it so clearly tied to the descriptive
approach and an empirical basis, it states that the range reflects “reasonable judgments
under both descriptive and prescriptive approaches.” (emphasis added). 124 The 2.5% rate
is thus not a purely descriptive estimate supported by empirical and well-developed
theoretical methodologies.
3.

Commission Choices in 1997

When it selected the current environmental cost values, Minnesota faced a debate about
discount rates very similar to the current debate. MPCA witness Mr. Ciborowski
presented a range of estimated CO2 values that ranged widely because he considered
discount rates of 1%, 2%, 3%, and 5%. He also recommended use of 1.5%, following
Cline (1992). The ALJ concluded the 1% and 2% discount rates were “unreasonably low”
and that there was “insufficient support in the record” to justify the 1.5% that Cline had
argued to be appropriate when discounting across generations. 125 The ALJ’s order
recommended a range of 3% to 5%, based on a range of cited sources that had adhered to
the descriptive approach.
It is notable that the 1.5% that Cline had promoted was one of the earliest suggested
prescriptive approaches, specifically that “there should be no discount rate for ‘pure time
preference in consumption’.” 126 As Farrow and Viscusi pointed out, there remains
insufficient support for this prescriptive approach. Although prescriptive approaches are
still frequently discussed, there is no emerging consensus in their favor over the
descriptive approach, as evidenced even by the reasoning of the IWG. Ethical arguments
are not founded in empirical evidence and are by their nature, speculative. Additionally,
because the express intent of prescriptive approaches is to drive SCC estimates upwards
from the levels that empirically-based descriptive discount rates produce, they will
always be inconsistent with “the policy goal of using conservative values in the face of
uncertainty.” 127
4.

Agencies’ Recommendations to the Commission

It is notable the Agencies’ recommendation for a SCC completely ignores the prior
conclusions of the Commission in favor of a discount rate ranging from 3% to 5%,
despite the basic confirmation of that range again today by the IWG. Their report states
“the Agencies do not believe it is in the best interests of ratepayers for the Commission to
123
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conduct a contested case proceeding to develop a new CO2 externality damage value(s)
when federal agencies have already developed and use a set of CO2 values,” 128 yet the
Agencies then recommend use of Federal SCC estimates using only a 3% discount rate
for the SCC even though the Federal SCC estimates themselves include a range of
discount rates up to 5%.

D.
Giving Appropriate Consideration to Welfare of Future Generations in
SCC Calculations
The prescriptive approach for setting lower-than-observed discount rates when
conducting a BCA for a policy that affects multiple generations often starts with an
appeal to the ethical notion that it is inappropriate for present generations to give less
weight to the consumption that entirely different generations will enjoy than we give to
our own current generation’s consumption. Such statements are motivated by the
recognition that discount rates in the range of 3% and up, which are descriptive of how
we choose to reallocate consumption over time periods that actually affect ourselves and
our children, will give essentially zero weight to the consumption of far-future
generations.
The statement that the consumption (“welfare”) of future generations should be given fair
consideration when society makes decisions today that may have very long-term
consequences is easy to accept. However, the prescription that the way to accomplish
this is to use a discount rate that is lower than, and inconsistent with, empirical evidence
of current societies’ consumption rate of interest is not the only approach that
economists/philosophers have suggested for ethically accounting for future generations.
Mishan (1977) analyzes intergenerational welfare and growth models, as well as theories
of intragenerational welfare, to assess economic criteria for intergenerational
comparisons. The paper shows that any number of possible intergenerational
distributions can be derived from the models, but also makes the case that “no economic
criterion can produce acceptable answers to the distribution problem – whether at a point
of time or over time – since the problem is basically an ethical one.” 129 Recognizing the
ethical issue is one of personal opinion, Mishan suggests he believes most people would
agree on one premise with respect to intergenerational ethics:
For whatever be our view of the fundamental factors explaining
differences in existing incomes, we are likely to agree that an equal per
capita real consumption for all generations is an eminently fair
arrangement …In sum, the ethical appeal of equality of per capita
128
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consumption over generational time is independent of a belief in the
justice of an equal division of the product in any existing society, and is
far more compelling. 130
In brief, economic analysis offers no way to sort among prescriptive formulas. It is thus
false to view the common prescription of adjusting the discount rate to lower levels than
is descriptive of existing society’s consumption rate of time preference as the only ethical
way to handle the question of fairness to future generations. In fact, studies have shown
that the approach of addressing this concern through lowered discount rates creates
analytic problems. Two such problems were noted by Farrow and Viscusi: time
inconsistency and infinite benefits. Nordhaus (2007) further demonstrates that an overly
low discount rate in an IAM model such as his DICE model results in nonsensical
implications for savings rates. 131
Although prescriptive discounting adjustments are to be avoided, the quote from Mishan
suggests alternative ways to give consideration to the welfare of future generations. If he
is correct that most would agree that we should manage existing societal decisions so that
future generations will have at least our level of real consumption, then we can look to
the IAMs’ projected consumption to determine how well different emissions regulations
meet that objective. Table 12 presents the real per capita consumption in each of the five
IAM baseline scenarios in the current time (2020), and then in 2100, 2200, 2300. These
consumption paths are the endogenous ones that DICE calculates, given the climate
impacts associated with each scenario’s respective projection of emissions. 132 This table
shows that even after absorbing the impacts of temperature change, all of the IAM
scenarios are predicting that future generations will be far wealthier and have far higher
consumption than is the case in the present. In fact, by 2100, they project that real
consumption will be 3 to 5 times higher than we have today. By 2300, when the largest
amount of climate impact (with unreduced BaU emissions), consumption will be between
7 and 25 times higher than we have today. Thus, the IAM scenarios that the IWG has
used to compute the SCC of a ton of emission today are also implying that any cost we
incur today will reduce our consumption in the present while adding to the vastly higher
welfare of future generations.
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Table 12. Real Undiscounted Consumption per Capita Over Time IAM Scenarios (Baseline
Emissions)

2020
2100
2200
2300

$
$
$
$

2100 relative to 2020
2200 relative to 2020
2300 relative to 2020

IMAGE
MERGE
MESSAGE
Real global consumption per capita
9,194 $
7,427 $
8,595
37,133 $
22,892 $
26,912
125,365 $
43,798 $
53,759
169,660 $
49,239 $
63,872
Consumption relative to 2020 consumption
4
3
3
14
6
6
18
7
7

MiniCAM
$
$
$
$

7,613
36,671
134,827
187,494

5th scenario
$
$
$
$

5
18
25

8,171
31,106
90,555
122,001
4
11
15

Source: NERA runs of DICE model using median equilibrium climate sensitivity (ECS=3)

Table 13 considers the impact on future consumption of eliminating emissions. In these
analyses, NERA set all manmade emissions after 2010 to zero in each of the five
respective IWG scenarios. The result is that future generations’ real consumption does
rise; relative to 2020 real consumption, future generations will be even better off than we
are. In other words, the inequitable distribution of wealth over time – which favors future
generations, not us – is exacerbated by reductions in emissions. Furthermore, the costs of
those emissions controls are not included in these results; to the extent that they are more
heavily borne in the near term than in the far future, inclusion of the costs of attaining the
welfare of future generations shown in the table below may further tilt the balance in
favor of future generations.
Table 13. Real Undiscounted Consumption per Capita Over Time in IAM Scenarios (Zero
Manmade Emissions from 2015 Onwards)

2020
2100
2200
2300
2100 relative to 2020
2200 relative to 2020
2300 relative to 2020

$
$
$
$

IMAGE
MERGE
MESSAGE
Real global consumption per capita
9,202 $
7,433 $
8,603
38,466 $
23,954 $
27,726
140,133 $
51,271 $
58,024
202,420 $
63,738 $
71,653
Consumption relative to 2020 consumption
4
3
3
15
7
7
22
9
8

MiniCAM
$
$
$
$

7,620
38,072
151,673
224,995

5th scenario
$
$
$
$

5
20
30

8,177
31,458
92,610
126,239
4
11
15

Source: NERA runs of DICE model using median equilibrium climate sensitivity (ECS=3), and with
manmade emissions set to zero in 2015 and all years thereafter.

In conclusion, it is possible to use the IAM models with descriptive discount rates to
assess the present value of future damages, and to separately attend to the fairness of the
welfare outcomes over time by ensuring that real consumption levels of future
generations are not declining relative to those of the present generation.
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E.
Quantitative Sensitivity of SCC Estimates to Alternative Discount
Rates
The IWG has already computed SCC values for a 5% discount rate as well as for a 3%
discount rate. Because I recommend that range as the appropriate range for Minnesota’s
application, this section provides those estimates as part of a sensitivity analysis to the
3% SCC values that the Agencies have recommended to the Commission. Because I
have noted that higher rates above 5% may also be reasonable, and to reveal the effect on
the IWG’s range if it had comported with the OMB’s recommended range, I also report
the SCC values under a 7% discount rate. Table 14 reports the global SCC values from
running the DICE, FUND, and PAGE models assuming a model horizon of 2300. These
results demonstrate the large effect that the discount rate has on the SCC values.
Using the high end of the OMB’s range, 7%, produces a SCC value that is about 10% of
the SCC value computed using the low end of the OMB’s range, 3%. In fact, under a 7%
discount rate, the FUND model finds the SCC to be negative under some scenarios. The
midpoint of the OMB’s range, 5%, results in a value for SCC that is about 30% of the
SCC value computed using a 3% discount rate. In other words, expanding the range of
discount rates from the IWG’s range reduces the low end of the IWG’s range for the SCC
by over 60%.
Table 14: 2020 Social Cost of Carbon for the Discount Rates of 3%, 5%, and 7%
(2007$/tonne of CO2)
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F.

Recommendation for Use in Minnesota Proceeding.

Future damages should be discounted in a manner that is descriptive of actual U.S.
citizens’ preferences for consumption. Furthermore, in selecting an appropriate range of
discount rates, some consideration should be given to the fact that there will be
opportunity cost associated with private sector spending to reduce emissions that might
be motivated by the SCC. Because the IWG did not include costs of emissions
reductions when it used the IAMs to estimate its SCC values, this opportunity cost is
missing from its projected improvements in consumption levels due to reduced emissions.
The latter effect would be very complicated to incorporate into the IWG’s methods of
computing a SCC, but doing so would result in a discount rate higher than the
consumption rate of interest alone. As a result, using only the consumption rate of
interest to discount the IAM projected welfare changes for a marginal ton of reduction
will overstate the value of the SCC that should be compared to a private sector spending
project’s cost. Thus, an appropriate range of discount rates for Minnesota’s use of SCC’s
in resource planning decisions should be higher than a range that could be justified solely
from descriptive estimates of the consumption rate of interest.
Economists most consistently estimate the consumption rate of interest in the range of
3% to 5% per year, with a slightly wider range of values under relatively extreme
assumptions. Given that estimates of the consumption rate of interest below 3% are
based on unconservative assumptions (or reliance on ethical prescriptions lacking
evidentiary foundation), and given that reliance on only the consumption rate of interest
estimates fails to incorporate the opportunity cost of spending to avoid the marginal
damages that the IAMs are estimating, I recommend the lower bound of the discount rate
used for Minnesota be 3%. Although I recommend 5% as the upper end of the range
because this rate can be justified solely on the basis of the consumption rate of interest
estimates (as the IWG itself did), I note a higher value could be justified. But identifying
a higher upper bound that would include the effect of the omitted opportunity cost of
emissions reduction spending would require a complicated assessment of the effect of the
missing opportunity cost that I have not conducted.
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VIII. APPROPRIATE GEOGRAPHIC SCOPE FOR DAMAGES
A.

Introduction

An important framing decision of any BCA is the geographic scope over which the
benefits of the regulatory action will be computed and compared against the policy’s cost.
As I will explain in this section, the IWG’s SCC values have been computed with a
global scope, yet the standard BCA practice is to limit the scope to the particular
community that will also be bearing the costs of the policy. The IWG’s reasons for
diverging from standard BCA practice appear to have two basic reasons (1) that climate
change is a global problem and policies to address it should not ignore that global scope
and (2) to reduce global emissions enough to address climate change will take a
coordinated effort involving significant reductions from all major emitters. In this
section I review the choices made by the IWG and others, and contrast those choices with
the available guidance on this matter written by U.S. governmental authorities. I then
review the legal and economic reasons for continuing to apply a domestic-only scope to
domestic-only policy decisions, even when the policy’s impacts have global attributes. 133
I explain why taking a global scope to guide domestic regulatory stringency is likely to
lead to policies that are harmful to the welfare of U.S. citizens, contrary to the core
purpose of BCA to drive domestic decisions in the direction of maximizing a nation’s
welfare. For this reason, I recommend Minnesota apply only a local benefits scope, and
at most a U.S.-only scope, when estimating its environmental cost values for CO2.
In this section I also demonstrate that computation of a SCC with a U.S.-only scope is
perfectly feasible for two of the three IAMs that the IWG used. I provide those U.S.-only
SCC estimates using the same models and other assumptions that the IWG has used.

B.
Standard Principles for Choosing the Geographical Scope and Choices
Made by the IWG
The Federal government provides guidance to use when considering the appropriate
geographical scope for assessing U.S. regulations. Executive Order 12886 sets forth
principles for how the U.S. government should conduct regulatory planning and review
of U.S.-based policies. In its preamble, it clearly states that regulators should focus on
effects to the American people:
The American people deserve a regulatory system that works for them, not
against them: a regulatory system that protects and improves their health,
safety, environment, and well-being and improves the performance of the

133

The discussion in this part closely follows a more detailed investigation of these issues available in a
recent paper by Gayer and Viscusi (2014).
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economy without imposing unacceptable or unreasonable costs on
society. 134
In its 2003 guidance for preparing BCAs of Federal regulations, the OMB reinforces this
position:
Your analysis should focus on benefits and costs that accrue to citizens
and residents of the United States. Where you choose to evaluate a
regulation that is likely to have effects beyond the borders of the United
States, these effects should be reported separately. 135
The IWG applied a global benefits scope, and did not even separate non-U.S. from U.S.
benefits when computing its SCC estimates. All tables of SCC values are for the global
SCC. The IWG thus ignored OMB’s requirements. The IWG’s reasons for their choice
of global scope can be summarized as the following:
•

The nature of climate change is a global issue and a ton of GHG emitted in one
locale has the same effect as a ton emitted in another locale.

•

To reduce global emissions enough to address climate change will take a
coordinated effort involving significant reductions from all major emitters.

•

The law permits consideration of both global and domestic values because “the
relevant statutory provisions are usually ambiguous and allow selection of either
measure.” 136

All three of these statements are factually correct, but they neither invalidate using a
domestic measure nor prove that a global measure is the more appropriate geographic
scope under the principles of BCA that motivate the development of SCC values in the
first place. 137 I explain this in the next part. However, two other reasons are mentioned
by the IWG that merit highlighting before turning to the theoretical concerns with the use
of a global scope. First, the IWG states:

134
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benefits separately; the users of a regulatory analysis may have different objectives or information needs
and thus need a report that provides transparency in those benefits’ respective magnitudes.
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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. 138
However, any user of the IWG’s three IAM models will immediately find that two of
them automatically calculate damages for multiple regions of the globe, with the U.S.
being one of those regions. Furthermore, as will be shown in Part D of this section, those
two models produce very similar results for the share of global damages occurring in the
U.S. While the issues in making a region-specific SCC estimate may be “complicated,”
the IAMs grapple with many other complicated issues that have not deterred the IWG
from relying on them. There is no reason why these IAMs’ domestic benefits estimates
should be dismissed while other aspects of their very complicated computations are
accepted by the IWG without question.
Second, the IWG notes:
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. 139
This statement may suggest the real reason for the Federal government’s IWG to have
elected to take a global perspective for this one issue, contrary to theory and practice:
that only by assessing a globally-based SCC value on U.S. regulatory policy evaluations
can the Federal government hope to gain leverage with other nations in its efforts to
negotiate the reciprocal emissions reductions agreements that represent the only hope for
ever actually achieving reductions in carbon emissions sufficient to meaningfully impact
projected climate outcomes. Whether doing this will help the U.S. negotiate an
international agreement is open to much question, but there is no question that this
particular reason does not apply to the case of Minnesota. Only a nation can negotiate
international agreements, not a U.S. state. Further, no amount of symbolic “leadership”
action on the part of Minnesota will affect the decisions of other nations to take action. It
is not apparent that even U.S. leadership action will induce other nations to take action,
but at least the Federal government does have a responsibility to engage in attempts to
seek reciprocal agreements, and it is only if there are reciprocal agreements that any
meaningful benefit can emerge from U.S. spending to reduce its emissions.

138

IWG, 2010, p. 11.

139

Ibid.

94

Exhibit ___ (AES-D-2)
MPUC Docket No. E-999/CI-14-643
OAH Docket No. 80-2500-31888

C.
Reasons the Global Scope of Damages Is Not Appropriate Under BCA
Principles
The basic tenets of BCA suggest the global measure of SCC should be called into
question. An important question is: whose willingness to pay should count? As Gayer
and Viscusi (2014) note:
The key economic issue is not whether it violates the law to consider
benefits to the world, but rather whether it is appropriate from a policy
standpoint to do so. Further, there is an evident mismatch if the
implementation of regulations is guided by global preferences whereas the
laws governing regulatory policies are based on domestic preferences. 140
They analyze the question of appropriateness from a policy standpoint from both legal
and economic perspectives.
1.

Lack of Economic Standing of Non-U.S. Entities

Gayer and Viscusi note that standard BCA practice is to sum the benefits across people
within the political jurisdiction whose citizens are choosing to undertake a policy and
thereby be the ones to bear its costs. 141 This is consistent with defining “economic
standing” based on legal rights. Gayer and Viscusi note that the Clean Air Act (the
statute under which the regulation of GHGs may occur) identifies its purposes as being to
protect the health and welfare of the U.S. population. 142 They also note many other
Federal environmental cases in which benefits are only summed over U.S. entities, even
when damages are more broadly experienced. 143 Given that Minnesota’s environmental
cost values policy imposes potential costs on generators in Minnesota and near Minnesota,
and the costs from such actions will then be passed to electricity customers residing only
within Minnesota, economic standing should only be assigned to Minnesotans. The
standard prescription in BCA practice thus would be to sum benefits only across
Minnesotans.
2.

Lack of Reciprocity from Non-U.S. Entities

As the IWG has noted, addressing global GHG emissions in a meaningful way requires
all major emitting nations to reduce their emissions significantly, not just the U.S.
140

Gayer and Viscusi, 2014, p. 9.

141

Ibid., p. 3.

142

Ibid., p. 7.

143

The assessment of damages from the Exxon Valdez oil spill is a particular case cited under the Clean
Water Act, and an asbestos damages case under the Toxic Substances and Control Act. In both cases,
international entities were certainly impacted by the environmental consequences, but were not assigned
economic standing the assessment of damages (Ibid., p. 8).
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emitters. But Gayer and Viscusi point out this fact leads to exactly the opposite
conclusion about inclusion of global benefits in the SCC value from what the IWG
concluded. The U.S. should apply a global SCC value only under reciprocity. If other
regions fail to act in a reciprocal manner, then inclusion of global benefits in a U.S. SCC
value forces the U.S. to assume an excessively high SCC value. That is, the reason for
IAMs to compute a high $/ton value for a ton of U.S. emission is not that the U.S.’s
emissions are causing such high damages, but rather the SCC estimate is driven upwards
by the effect of all of the other nations’ uncontrolled CO2 emissions. Otherwise stated, if
no other nation emitted GHGs, then the SCC estimate would be entirely due to U.S.
emissions; however, that SCC estimate would be lower than what the IWG has computed.
By imposing the higher SCC estimate made by the IWG on U.S. entities, this will push
U.S. entities to make an unfairly large amount of emissions reductions. Alternatively, if
other countries imposed a SCC value on their own emissions equivalent to the SCC value
the U.S. imposes, then their emissions would be lowered too, which would lower the
global SCC. Thus, without reciprocal application of the SCC on all major emitting
nations, it is inappropriate for the U.S. to take action that is based on damages that
assume other nations’ emissions will simply continue on their BaU trajectory.
It is useful to recall the last point cited above that the IWG gave for employing a global
scope for computing its Federal SCC values: the need to encourage other nations to
reciprocate. This rationale puts the cart before the horse, but it at least is the case that the
Federal government is the only U.S. entity that can attempt to negotiate for reciprocal
emissions reductions with other nations. Setting aside whether the global scope thus
becomes justified for Federal government policy analyses, this is not an argument that is
available to Minnesota. The lack of reciprocity in global emissions control efforts makes
the use of a global geographic scope for estimating the SCC inappropriate in the case of
Minnesota.
Gayer and Viscusi note the importance given to reciprocity under the Clean Air Act when
accounting for the effect of the U.S.’s emissions on other nations. They point out that the
Act permits representatives of other nations to be invited by the U.S. to appear at public
hearings on certain rulemakings, but that this provision is limited to situations in which
other nations already provide reciprocity to the U.S. 144
3. Altruism Can Lead to Policy Decisions That Harm the Interests of the
Nation and Minnesota
The arguments for a global scope of damages based on altruism are also misplaced in the
absence of reciprocity. The nature of climate change is such that if the U.S. were the
only country to reduce its emissions, there would be little change in the impacts of
climate change. The U.S. should only act in its self-interests in the absence of a
144

Ibid., p. 7.
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consensus among all major emitters to act; by acting alone, the U.S. will provide
extremely limited environmental benefits to anyone, while disadvantaging the U.S.
economically relative to other countries. As far as acting in its own self-interest, the U.S.
would likely be better off providing funds to endangered countries directly rather than
incurring costs to reduce its own emissions.
Finally, Gayer and Viscusi observe that if one decides to include broader-than-domestic
damages in domestic-policy BCAs for altruistic reasons, as the IWG and others have
called for in the case of climate change, this change in BCA practice would open up an
array of domestic policy outcomes that U.S. citizens would not desire:
The global perspective would likely shift immigration policy to one of
entirely open borders, as the benefits to granting citizenship to poor
immigrants from around the world would dominate any costs to current
U.S. citizens. It would suggest a shift away from transfers to low-income
U.S. citizens towards transfers to much lower-income non-U.S. citizens,
elevating policy challenges such as eradicating famine and disease in
Africa to the most pressing concerns for U.S. policymakers, trumping most
domestic efforts in terms of their impact on social welfare. And a shift in
policy towards fully counting the costs and benefits towards citizens of all
other countries would suggest a drastic change in defense policy. A shift
in policies to foster such efforts, while in many cases worthwhile, would
not be consistent with the preferences of the U.S. citizens who are bearing
the cost of such programs and whose political support is required to
maintain such efforts. 145
These examples may seem unrealistic, but one must ask why it is unreasonable to
altruistically evaluate the domestic policy aspect of these other international issues if it is
reasonable to do so for estimating a SCC value for domestic policy making. The
alternative is to suggest that one can pick and choose when to use a global scope and
when to limit benefits to a domestic scope. On what principled grounds could that be
done without opening up the scope decision in BCA to arbitrariness and inconsistency?
In the absence of any principled approach for determining why global benefits should be
included in U.S. CO2 reduction decisions but not included in all domestic policy decisions,
it is more appropriate to adhere to the standard — and wisely formulated — view that
policies should be evaluated to include benefits for those people who will be footing the
bill. That is, the region bearing the costs should be the same as the one bearing the
benefits. In the absence of reciprocal agreements for GHG emissions, the SCC value
used in the U.S. should be based on estimates of damages that U.S. citizens will bear.
Any case that the IWG might make that the Federal government needs to approach its
145

Ibid., p. 16.
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SCC valuation differently in order to achieve a set of international reciprocal agreements
is most definitely not applicable or appropriate for Minnesota in this proceeding, unless
and until a national policy is developed, at which time Federal regulators, rather than the
Commission, will likely set the SCC for Minnesota.

D.
Quantitative Sensitivity Analysis of SCC to Global versus U.S. Damage
Estimates
To show how the value of the SCC changes when one adheres to the OMB’s guidance
and Executive Order 12886’s intentions, the FUND and PAGE models were run to solve
for the SCC when accounting for only damages that accrue to the U.S. This analysis
could not be performed with DICE because it has no regional detail. 146 Appendix A
reports the code changes that were made to FUND to compute the regional SCC values.
For PAGE, the standard output includes the SCC for the U.S.
Restricting the damages to the U.S. reduces the SCC by 81% to 84% from its value when
global damages are considered (see Table 15). In absolute terms, the average value of the
SCC if based only on domestic damages is $7/tonne of CO2 under a 3% discount rate and
$2/tonne of CO2 under a 5% discount rate. This significant drop in the value of the SCC
shows the need for a serious discussion on the appropriate geographic scope.

146

I note, however, that the DICE model is accompanied by and often calibrated to a regionallydisaggregated model called RICE. With additional effort, it would probably be possible to determine the
fraction of DICE’s global damage estimates that could be considered domestic damages.
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Table 15: 2020 SCC for Global and U.S. Regional Scopes for Discount Rates of 3% and 5%
(2007$/tonne of CO2) 147

E.

Recommendations for Use in Minnesota Proceeding.

Minnesota should not include global benefits when evaluating investments whose costs
its residents alone will bear, and in the absence of any reciprocal agreements with the
other major contributors to global emissions. In the absence of even Federal policy that
would provide reciprocal agreements with other U.S. states, Minnesota should consider
only its own in-state impacts, and (at most) U.S.-wide damages.
I have not developed a Minnesota-specific damage estimate and none of the IAMs can
produce one at present. To give a rough sense of the scale of what Minnesota-specific
environmental cost values might appear to be, if one were to assume that its damages
might be roughly proportional to Minnesota’s share of the U.S. GDP, its share of the
domestic-only SCC estimate would be lower by a factor of more than 50. 148 Because I
have not prepared my own estimates of Minnesota-specific damages, I recommend
estimates of environmental cost values from Minnesota, if based on the IAM models,
should be limited to SCC estimates considering U.S. damages only. Although these are
certainly an overstatement of Minnesota-specific impacts, they are more appropriate to
use than a SCC based on global damages.

147

The average SCC values for the global cases in this table differ from the averages reported earlier
because these averages include only the FUND and PAGE models’ global estimates, so that they can be
compared on an “apples to apples” basis with the U.S. damages estimates in this table. Exclusion of
DICE from the average changes the average global SCC estimate from $42/ton to $44/ton.

148

U.S. Bureau of Economic Analysis, “Table 1. Real GDP by State, 2010-2013,” Available:
https://www.bea.gov/newsreleases/regional/gdp_state/gsp_newsrelease.htm.
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IX.

ACCOUNTING FOR POTENTIAL LEAKAGE

An estimate of SCC in $/ton is for a ton that is actually removed from or added to the
total inventory of global carbon emissions. If a Minnesota entity reduces its emissions by
100 tons but another entity elsewhere reacts by increasing its emissions by 75 tons (a
phenomenon called “leakage”), the actual change in global emissions is only 25 tons. In
this case, the total environmental value of Minnesota’s action would only be equal to the
environmental value of the net reduction of 25 tons. That is, whatever value one might
estimate for a SCC on a $/ton basis, that $/ton should only be multiplied by the net
change in global tons, which may be lower than the number of tons that would be
reduced directly as a result of a change in a Minnesota resource plan.
Leakage can occur in connection with or in response to national policies, but the rate of
leakage becomes increasingly large as the regulatory actions take place at a state or local
level. Leakage could be nearly 100% in the case of reductions in emissions from
electricity generation in a single state that is interconnected with power from other states
that are not imposing comparable policies. Thus, whatever CO2 environmental cost
values Minnesota selects should be adjusted by the estimated level of leakage, netting out
a realistic, analytically-based estimate of offsetting tons increased in other jurisdictions.
The percent of emissions reduction that might leak to areas that have no reciprocal
agreement with a jurisdiction that is establishing a cap has been projected in numerous
economic modeling exercises. Some of the first such studies were motivated by concerns
about the “differentiated responsibilities” of developed and developing nations under the
Kyoto Protocol. These studies focused on how leakage might occur across international
boundaries. International leakage analyses would typically conclude that for every ton
that would be reduced by developed countries under their domestic caps, roughly 10% to
30% would “reappear” as increased energy consumption in non-capped countries. 149 A
key mechanism fostering such leakage would be that manufacturing in countries facing
caps would experience higher production costs, and lose market share in international
markets to companies able to operate in non-capped countries. Such leakage could be
exacerbated if the production in other countries were based on more carbon-intensive
processes or much less energy-efficient processes. Other more indirect shifts in markets
and consumption could also affect the leakage level, but international leakage was largely
projected to be a result of impacts in traded commodity markets because those
manufacturers would face direct increases in costs from their own CO2 emissions, but
also their inputs would increase in cost, particularly through the cost of electricity.
A much greater potential for leakage became of concern in the U.S. as individual states
and regions started to consider applying caps on their emissions without waiting for a
Federal policy that would help ensure that emissions would be reduced nationally along
149

Caron et al., 2015, p. 168.

100

Exhibit ___ (AES-D-2)
MPUC Docket No. E-999/CI-14-643
OAH Docket No. 80-2500-31888
with their own individual state efforts. It is much easier for manufacturing to move
across state boundaries to areas that would not have the same cost increases due to GHG
limits. But even more important is the fact that electricity is supplied freely across state
borders, and in fact most regional electricity markets are multi-state by design, to enable
a more diverse set of generation resources to be accessible, with associated benefits in
reliability as well as delivered electricity costs. In a nutshell, if a coal-fired power plant
were to be shut down in one state to reduce that state’s CO2 emissions, least-cost dispatch
and interstate wholesale markets could very easily cause another coal plant in a nearby
state to increase its output, thus resulting in near 100% leakage. (Leakage could exceed
even 100% if the replacement unit were less efficient.) Companies would not have to
move; trade in goods manufactured in the unilaterally acting state would not have to be
shifted. In fact, even if the unilaterally acting state were to build a replacement
generating unit, the leakage could still occur if the replacement unit were either to have
more costly fuel, or to be less readily dispatched when needed (as in the case of solar and
wind).
Interstate leakage has been a concern in both of the major U.S. regional cap programs
that have been established to date. In the case of the Regional Greenhouse Gas Initiative
(RGGI), which applies only to electricity generation in several northeastern U.S. states,
leakage was considered such a concern that the cap was set at a level that was supposed
to be possible to meet at a low carbon price. In other words, the more ambitious the
RGGI region’s carbon target, the higher the cost of fossil-fired electricity generation
would become, and the greater would be the likely market response to simply move
electricity generation out of the region rather than to effectuate any net emissions
reductions.
The California carbon program known as AB32 has taken a different path to attempt to
manage the threat of leakage without diminishing the ambitiousness of the State’s
reduction targets. California has recognized that an easy route to leakage, even if it were
to price incoming electricity at the State border based on that electricity’s carbon content,
would be a practice that has become known colloquially as “contract shuffling.” In
contract shuffling, owners of fossil-fired generating units that originally would contract to
sell their electricity to California would rearrange their contractual obligations so that
they would contractually be selling only low or zero carbon generation into California,
while contractually selling generation from their existing fossil-fired capacity to states
surrounding California that have no carbon limits. The generation from all the various
types of units would be largely unchanged, while it would appear on paper that emissions
associated with California’s electricity consumption would be substantially lower. To
avoid this outcome, California made it illegal under California law for entities outside of
California to shuffle their contracts.
Whether this law will hold or not is not the question for this report. Rather, the question
is whether leakage might be large without it and with it. A typical method to estimate
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leakage involves use of economic models that simulate trade and competition in goods
and services between regions that have different laws and regulations. This might be
between nations, as was the case when estimating potential leakage under the Kyoto
Protocol. It might be between individual states or regions within the U.S., as has been the
case for regulations such as RGGI and California’s AB32.
Caron et al. (2015) have simulated AB32’s potential leakage levels using an inter-state
and international trade model. They find that if contract shuffling cannot be prevented, as
much as about 45% of the tons that California would reduce are likely to leak and
reappear outside of California. The study finds this amount of leakage even though a
tariff on the carbon content of incoming electricity is applied. Even if contract shuffling
is fully prevented, the net reduction that California will achieve will be about 10% less
than the apparent reduction within California. The analysis clearly shows that most of
the leakage would be to other U.S. states, further supporting the understanding that
leakage is likely to be greater in the case of unilateral state programs than in the case of a
national policy, for similar levels of policy stringency.
The degree to which a state is transmission-constrained in its interconnection with other
states is a factor that can temper the degree of leakage. Minnesota is a state with strong
interconnections with neighboring states. The potential for reductions in tons that it may
impose on its electricity generation to be offset by increased tons from similarly carbonintensive generation in surrounding states is significant and should be closely analyzed.
Whatever SCC value the Commission selects should be adjusted by the estimated level of
leakage to net out projected increased emissions in other jurisdictions. Then this adjusted
SCC value should be multiplied by Minnesota’s reductions.
To estimate leakage associated with resource planning actions taken by Minnesota, one
can employ a detailed generation planning model of the Minnesota electricity system and
power pools that connect to Minnesota. Such a model can be run with and without a
specific change in generation resources in Minnesota (and hence a specific direct change
in Minnesota’s electricity sector CO2 emissions). The ratio of the change in emissions
outside Minnesota to the change in emissions within Minnesota would yield the amount
of estimated leakage.

A.

Recommendation for Use in Minnesota Proceeding.

Any SCC estimate should be applied only to the net tons that Minnesota may reduce
globally, which would be the direct reduction that Minnesotans would pay for minus
potential increases in emissions that are projected to occur outside of Minnesota as a
result of its own control efforts.
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X.

CONCLUSIONS AND RECOMMENDATIONS

In this report I have provided a review of the way the IAMs compute SCC values, and
explained the relationship between SCC values and possible environmental cost values
for CO2 for use under Minn. Stat. § 216B.2422, Subd. 3. I have also explained the
importance of many different analytical judgments that have been made by the IWG in
formulating the Federal SCC values reported in IWG (2013). My evaluation has revealed
many highly speculative elements in that SCC estimation process, as well as in the IAM
models’ damage function formulas themselves.
Quantitative sensitivity analyses have been provided to inform this proceeding of the
degree of importance of each of these concerns, and recommendations have been made
for how to re-compute the IAM-based SCC estimates in a manner that better conforms
with the criteria that constrain the choice of environmental cost values under Minnesota
law, and thus are more applicable to the case of Minnesota specifically.
As should be apparent to any reader of all chapters of this report, one might consider the
development of CO2 environmental cost values using IAMs to be impracticable.
Alternative ways to meet the intent of the Minnesota law may be more reliable and hence
more appropriate, such as a cost-of-control approach. However, if the ALJ and
Commission decide to continue down the path of relying on IAM-based calculations of
SCCs for the CO2 environmental cost values, I have provided an analysis in this report
that examines how the quantitative SCC estimates are affected by changes in analytical
judgments regarding choices of modeling horizon, geographic scope, the point on the
damage curve that should be used to estimate marginal climate damage, and discount
rates. Alternative estimates are also provided for all the combinations of changes in these
judgments. The additional issue of how to incorporate potential leakage into the use of
environmental cost values based on SCC estimates has been addressed. In all of the
above, I have used the exact same IAMs that the IWG used, without any changes to their
scientific formulas. The only changes have been in the analytical framing choices that
must be made by any user of these models.
I have developed a range of 2020 SCC estimates that includes all the combinations of the
analysis framing choices that I have recommended as being more appropriate to the
application and criteria in Minnesota as environmental cost values. The range is
$1.62/net tonne to $5.14/net tonne. These values are in 2014$ and are per metric ton of
CO2. This range includes only damages to residents of the U.S., but consistent with
Federal RIA guidance, I have separately reported non-U.S. damages, which range from
$5.83/net tonne to $24.95/net tonne. I do not recommend including the non-U.S.
damages in an estimate of CO2 environmental costs that affect the state of Minnesota
unless and until the U.S. negotiates reciprocal international agreements to reduce CO2
emissions in other nations that represent the vast majority of global greenhouse gas
emissions.
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As noted in the use of the term “$/net tonne,” these environmental cost values should be
multiplied against estimates of the net tonnes of reduction that would ensue from
potential reductions in Minnesota’s electricity sector emissions. The percentage of
potential leakage should be based on a careful analysis of the electricity market and
macroeconomic responses to actions that may be taken on the Minnesota electricity
system. The degree of potential leakage will be specific to each action that the
Commission may consider, and for that reason I do not offer a recommended leakage
percentage to assume. Instead, I have described a method for estimating potential
leakage on a decision-by-decision basis that can then be used to estimate the net tonnes to
be applied to my recommended CO2 environmental cost range of $1.62/net tonne to
$5.14/net tonne.
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APPENDIX A.
DETAILS OF CODE CHANGES MADE TO MODELS
A.

Discount Rate

The DICE and FUND models were set up to find SCC values for discount rates of 2.5%,
3%, and 5%. Solving the SCC for the 7% discount rate simply meant adding this
discount rate to the set of discounting rates and looping over the new set of discount rates
that included 7% as one of its elements. For PAGE, one must enter the desired discount
rate explicitly in the excel file.

B.

Horizon

To compute the SCC assuming a time horizon or ending point of 2100 is relatively
straightforward. For DICE, the model horizon, defined by the parameter H, was set to
2100 or 2140, as appropriate. For FUND, the reporting in the playground.cs routine was
changed to write out the damage values from 2020 to 2300. Then, to compute the
contribution of damages through 2100, the damages from 2020 to 2100 were discounted
and then summed. For PAGE, the last two model time periods were changed to be
2100.1 and 2100.2, respectively as per the advice of Dr. Chris Hope. 150

C.

Which Ton
1. DICE

For DICE, industrial carbon as well as EMF non-CO2 and other non-CO2 forcings after
2020 were set to zero in the DICE input file, SCC_input_EMFScenarios.xlsx. This file
was saved and then the model was run after modifying it to read in this new data file.
2. FUND
Damages in FUND are a function of the radiative forcing. The radiative forcing is
determined by emissions. To compute the damages from the first tonne, all
anthropogenic emissions occurring after 2020 needed to be eliminated. To do this the
following modifications were made to the FUND code:
In the EmissionsComponents.cs routine, we zero out the annual anthropogenic carbon
dioxide, carbon methane, nitrous oxide, SF6, and sulfur dioxide emissions from 2029
onward:
globch4 = 0;
globn2o = 0;
globsf6 = 0;
150

Personal communication via email to Paul M. Bernstein, December 18, 2014.

110

Exhibit ___ (AES-D-2)
MPUC Docket No. E-999/CI-14-643
OAH Docket No. 80-2500-31888
globso2 = 0;
s.emission[t, r] = 0;

3. PAGE
On the recommendation of Dr. Chris Hope, the PAGE model was run under two different
sets of assumptions and then averaged for the two SCC values the model produced. This
averaged value was reported as the SCC for the first tonne. In both cases, all post-2020
values were set to zero in the following tables in the PolicyA tab: CO2 emissions and
Sulphates emissions. In the first set of assumptions, the post-2020 excess forcing in the
PolicyA tab was set to zero. For the second set of assumptions, the excess radiative
forcing was set to decline linearly to 0.12 by 2200.

D.

Geographic Scope
1. DICE

Since DICE is a global model with no regional distinction, this model was not used to
assess the domestic value for the SCC.
2. FUND
The following lines of code were added to FUND’s playground.cs subroutine so that it
would report the U.S. damages and hence compute the domestic value for the SCC.
if (region < 1)
{
lossUSA += output.Damages[year - 1950, region, (Sector)sector];
lossUSA_perturbed += output_perturbed.Damages[year - 1950, region, (Sector)sector]
/ output_perturbed.Incomes[year - 1950, region] * output.Incomes[year - 1950,
region];
}
// Compute the years contribution to the SCC
if (year >= perturbation_years[k])
{
sccUSA_temp = (lossUSA_perturbed - lossUSA) / 10.0 / 1000000.0;
if (gas == "C")
{
sccUSA_temp = sccUSA_temp * 12.0 / 44.0;
}
sccUSA[1] = sccUSA[1] + Math.Pow(1 / (1.03), (year - perturbation_years[k])) *
sccUSA_temp;
sccUSA[2] = sccUSA[2] + Math.Pow(1 / (1.05), (year - perturbation_years[k])) *
sccUSA_temp;
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3. PAGE
The standard version of PAGE reports the SCC for each of its regions so no changes were
required.
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APPENDIX B.
TEMPERATURE PROJECTIONS IN IWG’S SCENARIOS
Figure 8. Projections of Changes in Temperature for IWG’s PAGE Runs for Each of the
IWG’s Socioeconomic Scenarios When Equilibrium Climate Sensitivity Is at Its Median
Value (ECS=3) (Global mean temperature oC)

Figure 9. Projections of Changes in Temperature for IWG’s DICE Runs for Each of the
IWG’s Socioeconomic Scenarios When Equilibrium Climate Sensitivity Is at Its Median
Value (ECS=3) (Global mean temperature oC)
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Figure 10. Projections of Changes in Temperature for IWG’s FUND Runs for Each of the
IWG’s Socioeconomic Scenarios When Equilibrium Climate Sensitivity Is at Its Median
Value (ECS=3) (Global mean temperature oC)

Figure 11. Projections of Changes in Temperature for IWG’s PAGE Runs for Each of the
IWG’s Socioeconomic Scenarios When Equilibrium Climate Sensitivity Is at Its 90th
Percentile Value (ECS=5.86) (Global mean temperature oC)
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Figure 12. Projections of Changes in Temperature for IWG’s DICE Runs for Each of the
IWG’s Socioeconomic Scenarios When Equilibrium Climate Sensitivity Is at Its 90th
Percentile Value (ECS=5.86) (Global mean temperature oC)
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Figure 13. Projections of Changes in Temperature for IWG’s FUND Runs for Each of the
IWG’s Socioeconomic Scenarios When Equilibrium Climate Sensitivity Is at Its 90th
Percentile Value (ECS=5.86) (Global mean temperature oC)
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APPENDIX C.
EXPLORATION OF IMPLICATIONS FOR SCC VALUES IF
SOCIETY IS ASSUMED TO BE RESPONSIVE WHEN LARGE
TEMPERATURE CHANGES BECOME APPARENT
As discussed is Section VI.C.2, there are many other plausible ways in which global
emissions could evolve from what the IWG assumed in its socioeconomic scenarios. In
the IWG’s analysis, all the socioeconomic forecasts (based on EMF 22 scenarios that run
through only 2100) assume a very gradual slowing in the growth of emissions and finally
a reversal in global emissions (i.e., growth in emissions turning negative) by 2150 at the
earliest, and for some scenarios emissions continue to increase until about 2200. 151 This
assumption contributes greatly to why there is a significant amount of damage (in
undiscounted terms) after the first century.
Though the IWG’s scenarios forecast a range of emissions, none of the forecasts
explicitly consider how countries might respond if temperatures were to increase as
forecasted by the IAMs. At the United Nations Climate Change negotiations, Conference
of the Parties 15, in Copenhagen, nations signed on to an accord pledging to work toward
a 2 °C limit. Furthermore some scientists have been calling to take action to avoid
temperature increases as large as 1 °C. Interestingly, Table 16 shows that the IAMs
predict the global mean temperature to increase by more than 2 °C before 2100 for all
scenarios.
Table 16: Change in Global Mean Temperature from Pre-industrial Levels in 2100 (oC)

Scenario

Model
PAGE DICE FUND

Image

5.0

4.3

2.9

MERGE

5.0

4.5

3.0

Message

4.5

3.9

3.0

MiniCam

4.8

4.2

3.0

5th Scenario

2.9

2.3

2.8

Avg (excl 5th scn)

4.8

4.2

3.0

151

The 5th scenario was created by the IWG and has global emissions decreasing from 2030 to 2100 and
then remaining nearly constant after 2100.
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The three IAMs find the global mean temperature would increase by 2.9 to 5 degrees
from pre-industrial levels except for the 5th scenario, which is an odd scenario. 152 It is
possible that governments would not respond to such increases in temperatures in any
meaningful way. But given the concern over a 1° to 2 °C increase in temperature, it
seems likely that countries would begin to take significant action if the average global
mean temperature were to start approaching an increase anywhere near 3 °C.
Countries could react by implementing a wide array of policies to induce a reduction of
GHG emissions (either command-and-control or market based policies to drastically
force emission reductions). In addition, to reduce net CO2 emissions, countries could
heavily subsidize carbon sequestration activities such as planting trees and protecting
existing forests. Alternatively, a few countries could embark on geoengineering to
reduce the radiative forcing of the sun’s energy. 153
Some of these actions could significantly reduce global GDP, but if the damages were
perceived to be larger, it is reasonable to assume some combination of the above actions
would be undertaken, which would lead to emission trajectories well below those of the
four EMF scenarios. The question then arises about the effect of these alternate forecasts
on the SCC.
To understand this effect, alternative scenarios were created that postulate the world will
respond to increases in temperature well before temperature reaches 2 oC, if there is
evidence that the temperature is trending on such a trajectory. The response scenario to
increasing global temperatures was as follows. All countries reduced their net GHG
emissions to zero when the global mean temperature increases to 1.3 °C above preindustrial levels, on a clear trend towards 2 °C and beyond. Setting all emissions to zero
after this year serves as a proxy for a global response to the observed temperature rise
associated with each model scenario.
To determine the year in which these temperatures were reached, the DICE model was
run in deterministic mode under the IMAGE scenario to project the temperature increases
under different assumptions about the ECS. 154 Selecting the values of the ECS from the
5%, 50%, and 95% percentiles of the Roe-Baker distribution projected temperature

152

The 5th scenario was constructed in such a way that the forecasts are inconsistent with each other so it is
not based on any model run, but rather an average of the other four scenarios. (See IWG 2010 for full
description)

153

For example, the ability of stratospheric sulfate aerosols to create a global dimming effect has made
them a possible candidate for use in climate engineering projects to limit the effect and impact of climate
change due to rising levels of GHGs.

154

The ECS is defined as the long-term increase in the annual global-average surface temperature from a
doubling of atmospheric CO2 concentration relative to pre-industrial levels (or stabilization at a
concentration of approximately 550 parts per million (ppm)).

117

Exhibit ___ (AES-D-2)
MPUC Docket No. E-999/CI-14-643
OAH Docket No. 80-2500-31888
increases of 1.7, 3.0, and 7.1 oC, respectively. Table 17 shows the temperature
trajectories under these three percentiles.

Table 17: Temperature Changes from Pre-industrial Levels Under Three Different Values
for the Roe-Baker Distribution (°C)

The years in which the temperature thresholds are reached can be read off the table by
looking at the year corresponding to when the temperature threshold is just met or
exceeded (see Table 18).
Table 18: Years in Which Temperature Levels Are Achieved in Alternative Climate
Sensitivity Cases (5th through 95th percentile on climate sensitivity distribution used by
IWG)

Roe-Baker Percentile
5%
50% 95%
1.3 oC

2035

2025

2015

2.0 oC

2075

2045

2035

The DICE model was then run with all GHG emissions set to zero after the year when
1.3 oC is observed, on a path towards 2 oC. DICE runs were then also run to determine
the equivalent model horizon year that yields the equivalent SCC value when emissions
are left at their baseline IMAGE scenario levels.
Doing this indicated that if society were to respond vigorously to observed temperature
rises once they become observable, the value of the SCC would be similar to the value of
the SCC assuming a horizon of 2130. This analysis using the SCC models suggests that
an applicable model horizon that would account for societal responsiveness to actual
observed temperature changes is well short of 2300.
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ATTACHMENT
Copy of Smith et al., A Review of the Damage Functions Used in Estimating the Social
Cost of Carbon, prepared for American Petroleum Institute, February 20, 2014.
(Submitted to the OMB Docket on SCC as an attachment to comments of American
Chemistry Council, et al., Docket # OMB-2013-0007-0100, Attachment 2).

119

Exhibit ___ (AES-D-2)
MPUC Docket No. E-999/CI-14-643
OAH Docket No. 80-2500-31888

A Review off the Da
amage Functioons Useed in E
Estimatiing
the Social Cost
C of Carbon
C
n

Prepared for:

Ameriican Petrroleum Institute
I

Februaary 20, 20
014

Exhibit ___ (AES-D-2)
MPUC Docket No. E-999/CI-14-643
OAH Docket No. 80-2500-31888

Authors*
Anne E. Smith, Ph.D.
David Harrison, Ph.D.
Meredith McPhail

*

The authors acknowledge Dr. Noah Kaufman and Dr. Sugandha Tuladhar for helpful and
insightful comments. The opinions expressed herein do not necessarily represent the views of
NERA Economic Consulting, its clients or any other NERA consultants.

NERA Economic Consulting
1255 23rd Street NW
Washington, DC 20037
Tel: +1 202 466 3510
Fax: +1 202 466 3605
www.nera.com

NERA Economic Consulting

Exhibit ___ (AES-D-2)
MPUC Docket No. E-999/CI-14-643
OAH Docket No. 80-2500-31888

Report Qualifications/Assumptions and Limiting Conditions
Information furnished by others, upon which all or portions of this report are based, is believed
to be reliable, but has not been independently verified, unless otherwise expressly indicated.
Public information and industry and statistical data are from sources we deem to be reliable;
however, we make no representation as to the accuracy or completeness of such information.
The findings contained in this report may contain predictions based on current data and historical
trends. Any such predictions are subject to inherent risks and uncertainties. NERA Economic
Consulting accepts no responsibility for actual results or future events.
The opinions expressed in this report are valid only for the purpose stated herein and as of the
date of this report. No obligation is assumed to revise this report to reflect changes, events or
conditions, which occur subsequent to the date hereof.
All decisions in connection with the implementation or use of advice or recommendations
contained in this report are the sole responsibility of the client. This report does not represent
investment advice nor does it provide an opinion regarding the fairness of any transaction to any
and all parties.
© NERA Economic Consulting

NERA Economic Consulting

Exhibit ___ (AES-D-2)
MPUC Docket No. E-999/CI-14-643
OAH Docket No. 80-2500-31888

Contents
Executive Summary .......................................................................................................................1
I.

Introduction ........................................................................................................................5

II.

Overview of Interagency Working Group Calculations of the Social Cost of
Carbon ................................................................................................................................7
A. Background on Calculations in Integrated Assessment Models and Social Cost of
Carbon Values Developed by the Interagency Working Group ..........................................7
B. Range of Social Cost of Carbon Values from Integrated Assessment Models and
Implications about Uncertainty in the Damage Function ....................................................8

III.

Contrast Between The “Damage Function Method” Used in Benefit-Cost
Analyses and the “Damage Functions” Used For Social Cost of Carbon
Estimates ...........................................................................................................................10
A. Damage Function Approach in Traditional Regulatory Impact Analysis .........................10
B. Contrast with Damage Function in Integrated Assessment Models ..................................12

IV.

Formulation of the “Damage Function” in Integrated Assessment Models ...............15
A. Summary of the Core Damage Function in Most IAMs ....................................................15
B. Adjustments to Core Damage Function to Keep Projected Damages from Exceeding
100% of Baseline GDP ......................................................................................................16
C. Other Adjustments to the Damage Function ......................................................................20
D. Summary on Damage Function Formulations ...................................................................20

V.

Theoretical Considerations in Assessing the Functional Form of the “Damage
Function” in Integrated Assessment Models .................................................................22
A. Theoretical Considerations in the Choice of the Damage Function in Integrated
Assessment Models ............................................................................................................22
B. Weitzman’s Theoretical Assessments of Alternative Damage Functions .........................24
C. Summary on Conceptual Background for the Damage Function ......................................25

VI.

Empirical Bases for Parameters Used for Damage Functions in Integrated
Assessment Models...........................................................................................................26
A. The Calibration Process Used to Determine Damage Function Parameters......................26
B. Limitations of Studies Used in Calibration Process ..........................................................28
C. Summary of Empirical Bases for Damage Function Parameters.......................................30

VII.
A.
B.
C.
D.

Quantitative Examination of Damage Function Sensitivities ......................................31
Sensitivity of Damages to Alternative Damage Function Parameters ...............................31
Implications of Sensitivity Results ....................................................................................32
Differences Due to Use of the Exponential Function ........................................................34
Summary of Sensitivity Analyses ......................................................................................35

VIII. Conclusions .......................................................................................................................36
BIBLIOGRAPHY ........................................................................................................................38
APPENDIX A. Evolution of Damage Function in DICE ........................................................42

NERA Economic Consulting

i

Exhibit ___ (AES-D-2)
MPUC Docket No. E-999/CI-14-643
OAH Docket No. 80-2500-31888

List of Figures
Figure 1. Climate Change IAM Structure Following Traditional “Damage Function Method” . 11
Figure 2. Structure of Climate Change IAMs Used for Estimating SCCs................................... 13
Figure 3. Examples of How Variations in Parameters Affect Damage Estimates from a Core
Function of the Form D = α2 x ΔTα3 ................................................................................. 16
Figure 4: Altered Damage Functions to Prevent Damages from Exceeding 100% of Baseline
GDP (based on damage function of equation [2] using α3 = 3 and benchmarked to 5%
loss at 4°C) ........................................................................................................................ 18
Figure 5. DICE-2013R Damage Function (before and after adder for non-market impacts) ...... 28
Figure 6. Damage Functions with Varied Powers and Calibration Points .................................. 32
Figure 7. Ratio of High to Low GDP Loss at Corresponding Temperature Changes ................. 33
Figure 8. Damage Estimates from Exponential Compared to Polynomial Damage Function with
Same Parameters (using highest damage function in Figure 6) ........................................ 34

NERA Economic Consulting

ii

Exhibit ___ (AES-D-2)
MPUC Docket No. E-999/CI-14-643
OAH Docket No. 80-2500-31888

EXECUTIVE SUMMARY
Introduction
The “social cost of carbon” (SCC) is a monetary value of the change in societal well-being per
metric ton of change in emissions of carbon dioxide (CO2). The Obama Administration has
developed a set of SCC estimates to be used in the Regulatory Impact Analyses (RIAs) that are
required to identify the costs and benefits of major federal regulations. The SCC values were
developed by an Interagency Working Group (IWG) and updated most recently in a November
2013 report (IWG, 2013b). The IWG developed the SCC estimates using results from three
Integrated Assessment Models (IAMs), which are complex mathematical models that combine
natural science and economic assessments. A key element determining an IAM’s SCC results is
the “damage function.” This report reviews the literature on IAM damage functions and
provides context for the damage functions used in the IWG’s analysis.
Findings and Conclusions
In contrast to the traditional effect-by-effect approach known as the “damage function method”
used in RIAs, the damage functions in IAMs tend to be aggregate relationships between global
temperature change and GDP losses that do not describe the specific impacts that lead to
damages due to temperature change. Thus, it is not possible to evaluate uncertainties in the
damage functions that underlie the SCC values by evaluating uncertainties in specific
relationships between detailed physical effects and global damages.
As MIT Economics Professor Robert Pindyck notes, the lack of clear theoretical or empirical
bases for IAM damage functions means that the parameter values and functional forms for the
damage functions used by the IWG are largely ad hoc and arbitrary (Pindyck 2013). Although
the mathematical form of the damage function is relatively simple, plausible parameters for this
mathematical formulation lead to very different estimates of global damages. We find, for
example, that possible damage estimates at a given point in time can differ by a factor of 20 or
more within the range of parameters and range of temperature changes found in the IAM
literature.
Since the damage estimate is a central input to the SCC estimates, the large uncertainty in the
damage function translates into uncertainty in the SCC estimates that could be correspondingly
large. However, a comprehensive representation of damage function uncertainties – analyzed in
combination with the other IAM input uncertainties – is needed to characterize how much more
uncertain the IWG’s SCC estimates would be as a result of that damage function uncertainty.
Neither the IWG nor we have conducted such an analysis.
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Range of Social Cost of Carbon Values and Implications about Uncertainty in the Damage
Function
The IWG values for the SCC have been the subject of considerable commentary among
economists and others. As noted, Pindyck (2013) has written that IAM-based analyses such as
those developed by the IWG create an “illusory and misleading” appearance of knowledge and
precision about the benefits of reducing CO2 emissions. With regard to the damage function
specifically, Pindyck (2013) notes that
[W]e know almost nothing, so developers of IAMs can do little more than make
up functional forms and corresponding parameter values. And that is pretty much
what they have done. 1
Pindyck provides a relatively brief summary of his concerns with the IAM damage functions.
This report explores the issues in some detail to provide readers who are not familiar with IAMs
a greater understanding of the role of this component in the SCC calculation and the range of
uncertainty in its implementation.
One preliminary indication of the importance of uncertainty in the damage function is to consider
the differences in the IWG’s SCC values across the three IAMs. To develop its SCC estimates,
the IWG standardized several key inputs to those IAMs, but not including their damage function
assumptions. Thus some of the differences in the IWG’s SCC estimates across those three
models can be attributed to differences in the damage functions of those models. Table ES-1
shows information on the differences across the three IAMs for the three discount rates used by
the IWG. Holding constant the other variables that IWG standardized across the three models,
the average SCC estimates from the three models differ by a factor of three to eight, depending
on the discount rate.
Table ES-1. Average SCC Estimates by Individual IAMs in IWG’s Analysis(*) ($/ton of CO2
emissions in 2020, stated in 2007$)

Discount
Rate
5.0%
3.0%
2.5%

Lowest Average
SCC Estimate
(from FUND)
$3
$19
$33

Highest Average
SCC Estimate
(from PAGE)
$22
$71
$101

Ratio of
Highest to Lowest
Average SCC
8.3
3.7
3.1

(*)

The average dollar values were calculated by taking each model’s average SCC value across the IWG probability distribution
of climate sensitivity values for each of the five IWG socioeconomic scenarios, and taking a simple average of those five values.
They have been rounded to the nearest dollar. The ratios are based on the unrounded averages. The underlying data to compute
these averages are in Appendix A of IWG (2013b), Tables A2-A4. In each case, the DICE estimate is the middle value, hence
not affecting the range; DICE’s average values are $12, $38 and $57 for the 5%, 3% and 2.5% discount rates, respectively.

1

Pindyck, 2013, p. 867.
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These differences do not provide a clear indication of uncertainties regarding the damage
function, since there are other differences remaining among the three models, but it is reasonable
to expect that some of the variation in SCC values is due to differences in their respective
damage functions. However, these differences across the three IAMs used by the IWG likely
understate the full uncertainty in the damage function. Our assessment of plausible damage
function specifications indicates that the full range of uncertainty in the damage function has not
been addressed in the IWG analysis and thus also is not reflected in the SCC values that the IWG
presents.
Conceptual and Empirical Foundations for Damage Function Used in Integrated
Assessment Models
Pindyck (2013) notes the lack of a theoretical foundation for the functional form of the
aggregated damage function typically used in IAMs. The lack of a theoretical foundation for
such an aggregated concept is not surprising in light of the complicated linkages between
temperature change (or other summary measures of physical impacts) and the dollar value of
damages. Harvard Economics Professor Martin Weitzman has considered the theoretical basis
for the functional form and evaluated an alternative to the functional form used in most IAMs;
his evaluations lead him to prefer an alternative functional form although he notes that his
preferred form is not required as a theoretical principle.
We also find there is very limited empirical basis for setting the parameters of the aggregated
damage function, a condition acknowledged by the modelers. Evidence is limited to historically
observed temperature changes (i.e., less than 3oC). Even for that range of change, there are only
a small number (less than 20) available empirical studies, and these often are for single regions
of the world (such as the US), for single sectors of the economy, and many are now quite dated
(e.g., from the 1990s). This paucity of evidence to set the damage function parameters means
that a wide variety of damage functions can be plausible and, indeed, the existing functions differ
considerably among IAMs.
Sensitivity of Results to Alternative Damage Function Parameters
The estimates of global damages due to a given temperature change can differ substantially
depending upon the assumed parameters of the damage function. The quantitative importance of
the choice of damage function parameters is illustrated by considering the estimate of global
damages when just two damage function parameters are varied from the lowest to highest values
for each that are discussed in the IAM literature. Figure ES-1 graphs the lowest and highest
resulting damage estimates at temperature changes up to 15°C. Sensitivity results are shown
over this wide range of temperature change because temperature changes up to 13°C appear to
have been projected in some of the IWG’s IAM runs by the end of their modeling period, the
year 2300.
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I.

INTRODUCTION

The Obama Administration has developed specific monetary values per metric ton of carbon
dioxide (CO2) that are to be used in Regulatory Impact Analyses (RIAs) required under
Executive Order 12866 to estimate the costs and benefits of major federal regulations. These
dollar values, referred to as the “social cost of carbon” (SCC), were developed by an Interagency
Working Group (IWG) and reported in 2009, 2010 and most recently in 2013. The IWG
identified a range of SCC values, derived using a type of mathematical model called an
integrated assessment model (IAM) of climate change. The 2009 values were based on a
literature review of existing SCC estimates conducted by the IWG and were treated as
preliminary values. The Administration’s 2010 and 2013 SCC values were derived from new
IAM model runs conducted under the direction of the IWG using three IAMs and sets of
assumptions specified by the IWG. The IAMs used and the IWG assumptions are identified in
Technical Support Documents (IWG, 2010, 2013a, 2013b).
The IAMs that underlie SCC values are complex mathematical models that are fundamentally
interdisciplinary, combining scientific and economic assessments. This paper focuses on the
point in the flow of computations within an IAM where scientific effects are translated into
dollar values, which is often called the IAM “damage function.” This point in the modeling is
commonly considered to be within the domain of the economics discipline.
In a recent paper, Pindyck (2013) explains why he believes that IAM-based analyses such as
those developed by the IWG create an “illusory and misleading” appearance of knowledge and
precision about the benefits of reducing CO2 emissions. Pindyck identifies concerns with
components of an IAM that range from scientific to ethical. Regarding the damage function
specifically, he states:
When assessing climate sensitivity, we at least have scientific results to rely on,
and can argue coherently about the probability distribution that is most consistent
with those results. When it comes to the damage function, however, we know
almost nothing, so developers of IAMs can do little more than make up functional
forms and corresponding parameter values. And that is pretty much what they
have done.3
Pindyck provides a relatively brief summary of his concerns with the IAM damage functions.
This report explores the IAM damage function in some detail to provide readers who are not
familiar with IAMs a greater understanding of the role of this component of the SCC calculation.
We then review the literature regarding the conceptual and empirical bases for specifying the
damage functions used in IAMs, to help readers better understand the statements by Pindyck.
Finally, we provide numerical examples that illustrate the potential range of uncertainty of
damage estimates based upon different IAM damage function specifications. Since the damage
3

Pindyck, 2013, p. 867.
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estimates are a direct input to the calculation of SCC values, the uncertainties explored in this
paper ultimately contribute to uncertainty on the SCC. The IWG has not attempted to
incorporate damage function uncertainty into its range of SCC estimates in any explicit way.
This paper indicates that the range of potential SCC estimates would be even larger than reported
by the IWG if a more complete account were taken of the uncertainty associated with the damage
function component of IAMs.
This paper provides a general discussion about IAMs that applies more broadly than just to the
three models used to produce the IWG’s SCC estimates. However, because much of the interest
in this topic has come from the analyses of the IWG to determine SCC values to be used in RIAs
for federal regulations, our examples from existing IAMs focus on the three well-established
IAMs that the IWG has used for its SCC estimates. These are the DICE model of William
Nordhaus of Yale University,4 the PAGE model of Chris Hope of University of Cambridge5 and
the FUND model of Richard Tol of University of Sussex, UK, and Vrije Universiteit,
Amsterdam, Netherlands. 6

4

Many papers describe the DICE model at different points in time. Examples include Nordhaus (1992b, 2008,
2011, 2013), Nordhaus and Boyer (2000) as well as other documentation at:
http://www.econ.yale.edu/~nordhaus/homepage/.

5

Many papers describe the PAGE model and how it has evolved over time. Examples include Hope (2006, 2011).

6

Many papers describe the FUND model and how it has evolved over time. Examples include Tol (2006), Anthoff
and Tol (2008, 2010, 2012, 2013) as well as other documentation on its website at: http://www.fund-model.org.
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II.
OVERVIEW OF INTERAGENCY WORKING GROUP
CALCULATIONS OF THE SOCIAL COST OF CARBON
This section provides an overview of the methodology used by the IWG to calculate alternative
SCC estimates and summarizes the results of the most recent evaluation. We note that the values
the IWG developed do not provide direct information on the implications of different damage
functions.

A. Background on Calculations in Integrated Assessment Models and Social
Cost of Carbon Values Developed by the Interagency Working Group
In general terms, an IAM contains a series of mathematical linkages between greenhouse gas
emissions and a dollar value of the societal well-being (called “welfare”) that can be achieved
given those emissions. The basic chains in the linkage go from (a) greenhouse gas emissions, to
(b) how those emissions set in motion a sequence of atmospheric, terrestrial and biological
responses that result in various forms of “climate change impacts,” and ultimately (c) the
monetary value to humans of those various outcomes. To get an SCC estimate from an IAM, the
IAM is run two times, with the runs differing only in the assumed level of CO2 emissions. The
difference in the two resulting present values of welfare is divided by the difference in tons of
CO2 emitted in the two runs, which becomes the estimate of the SCC ($/ton).
The damage function is the link in the chain of IAM calculations that translates projected climate
change outcomes into economic damages (usually stated as Gross Domestic Product, or GDP).
The damage function step typically provides monetary outcomes by year and by region of the
world. IAMs then condense those various monetized outcomes into a present value of global
welfare by applying a set of assumptions about how much weight to give to economic outcomes
in different time periods and regions, and to account for risk aversion.7 This paper does not
address issues regarding these weightings because they are not part of the damage function per
se, although they are also very important determinants of a SCC estimate.
The SCC values developed by the IWG are based upon the three IAMs noted in the prior section.
The IWG ran each IAM under five different sets of input assumptions regarding baseline future
GDP and GHG emissions, in various combinations with a range of input assumptions relating
atmospheric CO2 concentrations to global temperature change (“climate sensitivity”), and a

7

Risk aversion is the preference for less uncertainty about possible future outcomes. Risk averse individuals are
willing to spend money (for example, insurance premiums) in order to reduce the variance (“uncertainty’) in the
value of losses they may have to absorb in the future. In the context of climate change benefit-cost analysis,
society is presumed to be willing to spend money if it will reduce the value of expected damages by at least as
much. A risk averse society will also assign value to limiting the worst of the possible damage outcomes, so it is
willing to spend yet more than just the expected value of damages if doing so will reduce degree of uncertainty
surrounding the expected damages. Thus, increasing the risk aversion assumed in an IAM run will increase its
SCC estimate.
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range of discount rates. The IWG’s SCC value for a given discount rate is a simple average
across the three models’ average results for the various other combinations of input assumptions.

B. Range of Social Cost of Carbon Values from Integrated Assessment Models
and Implications about Uncertainty in the Damage Function
In contrast to the baseline input conditions, temperature sensitivity, and discount rates, the IWG
did not directly specify ranges reflecting uncertainty about the damage function, noting that “all
other model features were left unchanged, relying on the model developers’ best estimates and
judgments.”8 As the 2010 IWG report states, “the sensitivity of the results to … [the] damage
function…has not been incorporated into these estimates.”9
One preliminary indication of the importance of uncertainty in the damage function is to consider
how much difference remains in the SCC estimates of the individual IAMs after their inputs on
baseline GDP, emissions, and climate sensitivity have all been standardized by the IWG. This
can be inferred from the detailed set of SCC values reported in the appendix of the IWG’s
Technical Support Documents. Table 1 shows information on the differences across the three
IAMs for each of the discount rates used by the IWG, based on the IWG’s November 2013
release of SCC values. To obtain these, we have averaged across SCC estimates for the five
baseline input assumptions and the probability distribution for climate sensitivity for each of the
three discount rates used by the IWG. Holding constant the other variables that IWG
standardized across the three models, the average SCC estimates from the three models differ by
a factor of three to eight, depending on the discount rate.
Table 1. Average SCC Estimates by Individual IAMs in IWG’s Analysis(*) ($/ton of CO2 emissions
in 2020, stated in 2007$)

Discount
Rate
5.0%
3.0%
2.5%

Lowest Average
SCC Estimate
(from FUND)
$3
$19
$33

Highest Average
SCC Estimate
(from PAGE)
$22
$71
$101

Ratio of
Highest to Lowest
Average SCC
8.3
3.7
3.1

(*)

The average dollar values were calculated by taking each model’s average SCC value across the IWG probability distribution
of climate sensitivity values for each of the five IWG socioeconomic scenarios, and taking a simple average of those five values.
They have been rounded to the nearest dollar. The ratios are based on the unrounded averages. The underlying data to compute
these averages are in Appendix A of IWG (2013b), Tables A2-A4. In each case, the DICE estimate is the middle value, hence
not affecting the range; DICE’s average values are $12, $38 and $57 for the 5%, 3% and 2.5% discount rates, respectively.

Determining how much of the model-to-model differences in SCC estimates evident in Table 1 is
due to differences in their damage functions and how much is due to other model assumptions
8

IWG, 2010, p. 6.

9

IWG, 2010, p. 6.
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that the IWG left unstandardized10 was not possible within the scope of this review of the
literature. Ackerman and Munitz (2012) offer the only directly relevant information of which we
are aware. They find that almost all of the difference in the IWG’s 2010 SCC estimates between
the DICE model and the FUND model can be attributed to differences in their damage function
assumptions.11 A more complete analysis across all three models has not been done to our
knowledge. Nevertheless, an IAM’s damage estimate is a direct input to its final SCC estimate,
so differences in IAM damage function assumptions can readily translate into differences in SCC
estimates.12 Thus, it is reasonable to expect that a substantial portion of the factor of 3 to 8 intermodel variation in the IWG’s SCC estimates is attributable to differences in their damage
function specifications, since the damage functions assumed in the DICE, FUND, and PAGE
models used by IWG do differ in substantive ways. (Later sections of this report describe those
differences.)
Differences across the three IAMs used by the IWG, however, likely understate the uncertainty
in the SCC due to uncertainty in the damage function. As discussed below, our assessment of
plausible alternative specifications of the damage function indicates that the full range of
uncertainty in the damage function has not been addressed in the IWG analysis and thus also is
not reflected in the SCC values that the IWG presents.

10

One example is how each model represents global carbon cycling.

11

Ackerman and Munitz, 2012, p. 220.

12

Differences that affect estimates of damages at lower temperature increases, and/or in the nearer-term will tend to
cause larger sensitivity in the final SCC estimate because these will affect more of the years, and/or be discounted
less.
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III. CONTRAST BETWEEN THE “DAMAGE FUNCTION METHOD”
USED IN BENEFIT-COST ANALYSES AND THE “DAMAGE
FUNCTIONS” USED FOR SOCIAL COST OF CARBON ESTIMATES
This section provides background on the “damage function” used in the IAMs and its contrast
with the well-established “damage function method” in a typical benefit-cost analysis of an
environmental regulation.

A. Damage Function Approach in Traditional Regulatory Impact Analysis
The term “damage function method” has long been used by the US Environmental Protection
Agency (EPA) to describe a bottom-up approach for estimating benefits from pollutant controls.
For example, EPA’s 1983 Guidelines for Regulatory Impact Analysis (EPA, 1983) characterizes
the process of estimating benefits for RIAs (Regulatory Impact Analyses) as an effect-by-effect
logical chain, with economic valuation as the final step, to be applied after specific forms of
adverse physical effects have been quantified:
The benefits of decreased pollution are the resulting improvements in health and
aesthetics and reductions in damages to plants, animals, and materials. To
measure benefits, one must ordinarily follow a chain of events from (l) the release
of pollutants by industry, households, agriculture, and municipal sources to (2)
the impact of these releases on ambient quality to (3) exposures of people, plants,
animals, and materials through various media (air, water, etc.) to (4) the adverse
effects to (5), when feasible, what people would pay to avoid these effects.13
An appendix to EPA’s Guidelines (EPA, 1988) labels the above process the “damage function
method” and more explicitly identifies a separation in the damage function method between
scientific research and economic research:
This method is based on a dose response function. It relates changes in a
pollutant to physical changes in receptor organisms or materials. The value of the
physical changes is then estimated by an appropriate method.14
...
The damage function method explicitly distinguishes the scientific (dose-response)
and economic valuation components of benefit estimation.15
There appear to be parallels between EPA’s effect-by-effect “damage function method” and the
“damage function” in climate change IAMs. Figure 1 illustrates a flow of analysis that one
might expect to find in a climate change IAM, with labeling to match the five steps of the
“damage function method” listed in the quote above.
13

EPA, 1983, p. M5.

14

EPA, 1988, p. A-5.

15

EPA, 1988, p. A-9.
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as changes in environmental amenities or in health) may be represented by change in
willingness to pay (ΔWTP).18
We add a Step 6 to the Figure that is not separately identified in EPA’s Guidelines. In this step,
intertemporal and interregional weighting schemes condense projections of economic damages
across many years and regions into a single present-value global measure of welfare. For most
pollutant control policies, this step could be viewed as just another economics component.
However, in the case of climate change, many of the impacts are very far in the future (up to 300
years hence, in the case of the IWG analyses), and also highly variable in terms of the region
affected. Thus, this sixth step raises issues regarding inter-generational and inter-regional equity
that seem largely ethical rather than economic.

B. Contrast with Damage Function in Integrated Assessment Models
The framework described above reflects the traditional “damages function method” in which
economic assessments are narrowly confined to valuing a specific set of projected adverse
effects, with each effect having its own valuation process. Climate change IAMs diverge from
that framework, however. Climate change IAMs tend to fall into one of two categories, neither
of which has all of the steps in Figure 1. The first category contains IAMs that are quite detailed
in their science components—including projecting various adverse effects such as those listed in
Step 4—but do not monetize the effects. In other words, they tend to conduct only Steps 1
through 4.19
The second category contains IAMs that monetize climate change impacts. As monetization is
essential for estimating a SCC, the models used by the IWG (DICE, PAGE, and FUND) are in
this category.20 In order to develop dollar values, however, these models tend to simplify the
science-oriented information, with the ultimate simplification represented by combining Steps 4
and 5, as illustrated in Figure 2.

18

Changes in GDP are not comparable to changes in WTP; they measure different things, but both have implications
for social welfare, which is the endpoint of concern for a benefit-cost analysis.

19

IAMs that fall into this effects-oriented type of IAM include IMAGE, ICLIPS, CIAS and AIM (which has
monetized impacts only in its vegetation module).

20

Other IAMs in this category include RICE, MERGE, WITCH, CETA, CRED, and ICAM. Not all of these models
have been used to generate estimates of SCC, however.
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not follow a smooth, readily simplified curve. Separate modelling of impacts therefore seems
necessary to paint a realistic picture of aggregate impacts.”23 On the other hand, with the
exception of its sea-level rise damage function, each individual damage function in FUND is
aggregate in character. That is, each projects the monetary losses for a damage category directly
from either temperature change, the rate of change in temperature, and/or CO2 concentration (in
the case of agriculture, forestry, and extratropical storms).24

23

Tol, 2002b, p. 156.

24

The greater complexity of FUND does not necessarily make its damage estimates more theoretically or
empirically correct. One negative effect is that the added complexity makes the model less accessible or
transparent to outside users or reviewers. This barrier to review creates greater potential for programming errors
that are likely to be detected and corrected only by the original modelers, as has occurred already (see, e.g., IWG,
2013b, p. 9 and Appendix B).
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IV. FORMULATION OF THE “DAMAGE FUNCTION” IN
INTEGRATED ASSESSMENT MODELS
This section provides information on the nature of the core damage function typically used in an
IAM. We also summarize various adjustments that are made from the core damage estimate.

A. Summary of the Core Damage Function in Most IAMs
The mathematical calculation used for the typical IAM “damage function” behind an SCC
estimate starts with a core formula that can be generalized as follows:
D = α1 x ΔT + α2 x ΔTα3,

[1]

where D is the percentage reduction in baseline GDP, and is a function of change in global
average temperature, ΔT.25 The variables labeled α1, α2, and α3 are called “parameters” and are
the basic input assumptions that determine the shape of the damage function. Even if two IAMs
use this same core formula, they can produce very different damage estimates for a given
temperature change if they assume different parameter values. An illustrative example of this
point is provided below.
Versions of this core damage function equation are used in the three IAMs used by the IWG as
well as by other IAMs (e.g., CETA and CRED). The first term (i.e., α1 x ΔT) allows for the
possibility of economic benefits from small increases in global temperature. Often, this term is
not used (i.e., α1 is often set to zero). For example, PAGE did not include α1 until the 2009
model version, while DICE included α1 only in its 1999 version. For the majority of the models
and model versions in which α1 is set to zero the core damage function is simply the following
formula:
D = α2 x ΔTα3.

[2]

This simpler, two-parameter formulation means that global GDP is always reduced as global
temperature increases. Figure 3 illustrates how different this two-parameter function can be for
just a few hypothetical alternative values of its parameters. Here, we have represented several
damage functions that all pass through the same point, a loss of 5% of GDP at a 4°C temperature
change, but with values of α3 ranging from 1 to 4. (One can force curves having different values
of α3 to go through one same point by appropriately resetting the value for α2 for each alternative
value of α3. The respective values of α2 for each α3 in this figure are identified in the table
embedded in Figure 3.) Again, if one were to want a damage function that projects net economic
benefits for the first few increments of temperature change above zero, one would also use α1,
setting it to a negative value. Although it is not illustrated in the figure, this would cause the
25

Each IAM makes some further adjustments to this core formula. In particular, further adjustments are made to
ensure that D never exceeds 100% of total baseline GDP. These adjustments are described later in this section.
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damage curve to dip below the x-axis (implying a negative GDP loss, or a benefit) and then be
steeper thereafter than its equivalent curve without α1 included.
Figure 3. Examples of How Variations in Parameters Affect Damage Estimates from a Core
Function of the Form D = α2 x ΔTα3
75%

Damages as a Percent of Baseline GDP

If α3
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1
2
3
4
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α2 Value
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0.0002
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0%
0

4°C
2.5
5
Temperature Change (Degrees Celsius)
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This figure is intended only to illustrate some of the diversity of damage functions that the
simple formula of equation [2] can produce, and is not intended to represent any of the actual
damage functions in use. We discuss actual choices of parameter values in IAM practice, and
why IAM modelers have chosen those values, in Section VI.

B. Adjustments to Core Damage Function to Keep Projected Damages from
Exceeding 100% of Baseline GDP
An obvious problem with using the core formula of equation [1] or [2] without further
adjustment is that as projected temperature change increases, at some point it will predict
damages that exceed 100% of baseline output – a nonsensical outcome. Temperature change
may have to be very high for this to be a problem in a given IAM run, but the chance of it
occurring cannot be ignored. For example, for the illustrative curves in Figure 3 with α3 equal to
4 and 3, damages would exceed 100% of GDP when projected temperature change rises above
about 8.5oC and 11oC, respectively. While such extreme temperature changes may rarely occur
in typical IAM scenarios, we conclude that they have occurred in at least some of the IWG’s
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scenarios,26 and might become more common as IAMs are adapted to try to explore risks of
“runaway” climate changes.
All three of the IAMs used by the IWG make adjustments to their respective core damage
function to prevent its projected losses from ever exceeding 100% of GDP. This is done by
layering onto D some further mathematical adjustments that reduce the rate of increase in
damages as the value of D starts to approach 100%. In this way, the shapes of curves such as
those illustrated in Figure 3 are transformed into an S-shaped curve, or a rough approximation of
one. Because these adjustments can alter the entire shape of the core damage function, we
discuss the various adjustments in some detail here. Because each is essentially ad hoc, we see
no reason to suggest that one approach is technically superior to another.
FUND 3.7 employs the simplest type of adjustment. After calculating damages from each of its
sector- and region-specific damage functions, it applies a constraint that the sum of losses from
economic or market sectors must be less than or equal to baseline income. This constraint is
applied in each region in each year. That is, once economic damages start to exceed income,
they are simply reset equal to income. Figure 4 on the next page provides an illustration of an
unadjusted and the resulting adjusted damage function. The black line is an unadjusted damage
function (using α3 = 3 for illustrative purposes only). The blue line shows what the actual
damage calculation would be when applying the adjustment employed in FUND.27
With one recent exception, the DICE model has implicitly adjusted the core damage function D
using the following equation:
D´ = D ÷ (1 + D)

[3]

where D´ is the percent reduction in baseline GDP that is actually used in the IAM calculations.28
The result of applying this adjustment is illustrated in Figure 4 as a transformation of the black
26

To draw this inference, we ran the DICE model over the range of IWG assumptions about emissions growth and
climate sensitivity values to see what values of temperature increase were being projected in those runs (a result
not reported in any of the IWG’s technical support documents). Results indicated temperature changes exceeded
11oC in about 10% of the runs performed for 3 of the 5 emissions projections adopted by the IWG for its SCC
analysis.

27

We note that FUND’s not-to-exceed constraint is not applied to non-market (WTP-based) damages, so total
damages in FUND can actually exceed total income, but only for that part of the damages that are non-economic.
(However, one can make a reasoned argument that WTP should not exceed income either, as it is bounded by
ability to pay.)

28

Equation [3] states damages as percentage change in baseline (gross) GDP. However, in all versions of DICE
model code and documentation prior to DICE-2013R, Equation [1] is said to define D as damages relative to net
GDP (the remaining GDP after accounting for damages). Given this alternative definition of D, the term 1/(1+D)
is interpreted as the fraction of baseline GDP that remains after accounting for temperature change, and one finds
that in DICE code, the damage calculation applies 1/(1+D) to baseline GDP, not D itself, i.e. GDP(ΔT)= (1/(1+D))
x baseline GDP. This alternative definition of D is also algebraically equivalent to saying that D/(1+D) is the
percent reduction in baseline (gross) GDP. Since D/(1+D) will never exceed 100% of baseline GDP, the
adjustment in DICE is implicitly achieved when DICE calibrates 1/(1+D) to empirical data rather than D.
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curve into to the red curve. As a matter of mathematics, at very low levels of temperature
change, this formula produces adjusted damage estimates that are nearly identical to those from
the unadjusted formula. However, as the temperature change increases, adjusted values diverge
rapidly from the unadjusted values in such a manner that the adjusted values continue to rise, but
ever more slowly, never to exceed 100%.29
Figure 4: Altered Damage Functions to Prevent Damages from Exceeding 100% of Baseline GDP
(based on damage function of equation [2] using α3 = 3 and benchmarked to 5% loss at 4°C)30
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The exception we have found for DICE is in its most recent version, DICE-2013R. In this
version, the core damage function is used as-is.31 It appears that Nordhaus did not intend for this
core damage function to be used for the higher temperature changes in which damages could
exceed GDP because his documentation states that “this limits the usefulness of this approach for
catastrophic climate change. [It] needs to be examined carefully or re-specified in cases of
higher warming.”32 But he has also added a new constraint in the code that caps damages at
29

In technical terms, D´ asymptotically approaches 100% as temperature change approaches infinity.

30

This damage function is not meant to represent a specific damage function in any of the IWG models but is
merely used to illustrate the effects of the various methods employed in IAMs to prevent damages from exceeding
output.

31

The text of the documentation for DICE-2013R (Nordhaus and Sztorc, 2013) says it uses the standard DICE
damage formula: GDP(ΔT)= (1/(1+D)) x baseline GDP. However, we find that the GAMS code for that model
version uses the unadjusted damage function, D, to calculate GDP in the presence of temperature change, i.e.,
GDP(ΔT)=(1-D) x baseline GDP. Also, the definition of D provided in the code itself now states that it represents
damages relative to gross output, not net output as in all prior DICE model versions.

32

Nordhaus and Sztorc, 2013, p. 11.
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100% of baseline GDP. This is essentially same method used in FUND (i.e., the DICE-2013R
adjusted damage function also will follow the blue line in Figure 4 for a core damage function
that follows the black line). This new constraint will not likely result in any actual adjustment in
the core damage estimates in a DICE-2013R run because, given the specific core damage
function parameters Nordhaus has assumed in that version, the core damage estimate will only
exceed 100% of baseline GDP for values of temperature change above about 19oC.33 Thus, this
constraint serves as a precaution against the model producing nonsensical results if someone uses
it to run a scenario that involves an extremely high temperature change, or if a user of this
version might alter the parameters of the damage function so that it exceeds 100% of baseline
GDP at a much lower temperature change.34
PAGE takes the most complex adjustment approach. To prevent damages from exceeding 100%
of GDP, PAGE09 adjusts core damages (as a fraction of baseline GDP) when the core damage
estimates exceed an assumed “saturation point” expressed as a percentage of consumption
reduction projected by the core damage function. When the computed core damages exceed the
saturation point, damages are scaled downward by a complex formula that ensures the actual
damage estimates used in the model gradually rise toward but never exceed 100%.35 In
PAGE09, the saturation point is selected probabilistically over a range of 20% to 50% with a
most likely value of 30%. We have found no explanation in the PAGE documentation for the
choice of this range. However, we note that the saturation point value of 30% produces an
adjusted damage function (the green line in the figure) that is fairly similar to that obtained by
the DICE approach (red line in the figure), provided they both start with the same core damage
function.36 In practice, however, these two models do not use the same parameters for their core
damage functions; it should be kept in mind that the curves in Figure 4 are not the actual adjusted
damage curves of any of the three models, and are used here merely to illustrate the general
effect of each type of adjustment.
In summary, IAM modelers are clearly aware that the core damage functions based on the
standard IAM formula (e.g., equation [1] or [2]) could, in some extreme temperature scenarios,
project losses exceeding 100% of baseline GDP. In an effort to avoid such nonsensical
outcomes, each model applies some form of ad hoc adjustment to their core damage functions.
Two of the three adjustment formulas start to substantively adjust damage estimates at
33

The parameters used in DICE-2013R are α3=2 and α2=.00267.

34

One should be aware, however, that this change in DICE’s adjustment method will tend to raise this version’s
damage estimates (and hence SCC estimates) relative to those from the prior DICE versions. This is because the
prior DICE versions all used the adjustment formula in equation [3], which projects damages along the red line,
which are lower than those along the blue line.

35

This adjustment is applied to each of PAGE09’s impact categories (sea-level rise, economic, and non-economic)
and by region.

36

The saturated damages depicted in Figure 4 were computed by applying PAGE09’s saturation formula using a
saturation point of 30% to the illustrative cubic damage function (black line in the figure). This calculation has not
included mitigation of impacts through adaptation, which are also part of the PAGE09 adjustments to its core
damage formula.
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temperature changes well below the point at which projected GDP losses would actually exceed
100% of baseline GDP. For example, in the illustrative example of Figure 4, unadjusted
damages would not exceed baseline GDP until temperature changes exceed 11oC, but the
adjusted damages in DICE and PAGE (red and green lines) would diverge from the unadjusted
damage function (black line) starting at about 5o to 7.5oC.37
Note, however, that the illustrative examples in Figure 4 exaggerate the differences that will
typically result due to these adjustments, because it is conducted against a relatively steep
unadjusted damage function in which α3 = 3. This value is at the high end of the range of values
used in IAMs. The differences are less pronounced for lower values of α3 that are more
frequently used. However, the conclusion does hold that it can in some instances be misleading
to compare IAMs’ damage functions solely on the basis of the parameter values α1, α2, or α3 that
define their core damage functions.

C. Other Adjustments to the Damage Function
The three IAMs used by the IWG make other adjustments that also affect their ultimate estimate
of damages. These adjustments vary from model to model, thus creating further inter-model
differences. All of them are ad hoc in nature, although the phenomena they attempt to simulate
are valid concerns that, in principle, should be accounted for in a SCC estimate. We mention
two of them here.
Some IAMs have attempted to model the possibility of the occurrence of unexpected
catastrophic events (e.g., the collapse of the thermohaline circulation). PAGE incorporates an ad
hoc adjustment for climatic tipping points by modeling damages from such a discontinuity if it
were to occur (including separate probability distributions for the probability of its occurrence,
the temperature at which it would occur, and the resulting loss). DICE and FUND, in contrast,
do not include the possibility of catastrophic events in their damage functions.
Accounting for adaptation represents another example of an adjustment that differs across the
three models. Adaptation indicates the extent to which society will take actions to avoid adverse
effects of changes in temperature or other effects of CO2 emissions. PAGE and FUND explicitly
incorporate some assumptions regarding how adaptation may mitigate climate change impacts.
DICE does not include explicit assumptions on the role of adaptation in reducing global
damages.

D. Summary on Damage Function Formulations
In summary, the typical IAM damage function starts with a highly simplified and abstract
representation of the detailed set of calculations that in principle link atmospheric GHG
37

At this point, the adjusted damage function also implies that the rate of increase in damages decreases as
temperature increases, which may seem counterintuitive to some.
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concentrations to dollar damages (as illustrated as Steps 4 and 5 of Figure 1 in the previous
section).38 The inherent limitations of this approach are captured by an early scientific
commenter on the DICE model. When the first versions of DICE were being produced,
Nordhaus (1994) surveyed several experts in the field of climate change to gauge their subjective
perceptions of potential impacts at different levels of temperature change. One expert had the
following response to Nordhaus’s request:
I must tell you that I marvel that economists are willing to make quantitative
estimates of economic consequences of climate change where the only measures
available are estimates of global surface average increases in temperature. As
[one] who has spent his career worrying about the vagaries of the dynamics of
the atmosphere, I marvel that they can translate a single global number, an
extremely poor surrogate for a description of the climatic conditions, into
quantitative estimates of impacts of global economic conditions.39
Other adjustments modify the core damage function and can affect the damage calculations.
Ad hoc adjustments are made to keep the models from inadvertently producing greater than
100% GDP losses at relatively high projected temperature changes, a sensible limitation.
However, such adjustments can alter the shape of the damage function so that one key feature –
an implication that there is a higher rate of increase in damage as temperature change increases –
can be lost as a result of the adjustment. Further adjustments are also seen as desirable to
account for possibilities such as discontinuously rapid growth in damages (raising damage
estimates) and adaptation (lowering damage estimates). These adjustments also are inherently
ad hoc. The net result is that each IAM ends up with a set of mathematical formulas that
determine monetary damages as a function of change in temperature. Setting aside the many
different ad hoc adjustments, each set of damage calculations starts with a specific setting of
functional form and associated parameters. We now turn to the potential theoretical and
empirical bases for those damage function specifications.

38

Again, we note that FUND’s damage function is more complex, with multiple effect-specific loss equations and
the inclusion of independent variables other than just ΔT. Their choice of functional forms and their
parameterization, however, appear to be of a similar nature to the processes that we describe next.

39

Nordhaus, 1994, p. 51.
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V.
THEORETICAL CONSIDERATIONS IN ASSESSING THE
FUNCTIONAL FORM OF THE “DAMAGE FUNCTION” IN
INTEGRATED ASSESSMENT MODELS
Pindyck (2013) notes the lack of a theoretical foundation for the functional form of the damage
function used in IAMs (i.e., equation [1] or its simpler version [2]). Our review of the IAM
literature substantiates this conclusion. In seeking evidence of justifications for the functional
forms adopted by the various modelers, we found their papers typically posited the functional
form and then focused on explaining how they developed its parameters.
The lack of a theoretical foundation for a particular damage function is not surprising in light of
the complicated linkages between temperature change (or other summary measures of scientific
impacts) and the dollar value of damages, a condition that means that the choice of a particular
damage function is largely an empirical issue. The only papers we found that consider the
theoretical basis for functional forms for the damage function are ones by Weitzman (2009,
2010), written after the standard practice we have described above had become established. As
discussed below, Weitzman’s evaluations lead to a preference for a particular functional form
rather than a conclusion that his preferred form is required as a theoretical principle.

A. Theoretical Considerations in the Choice of the Damage Function in
Integrated Assessment Models
Weitzman has discussed the lack of ability of IAMs to deal with what is sometimes described as
“fat-tailed” probability distributions, by which is meant a small probability of truly catastrophic
impacts.40 As discussed below, Weitzman concludes that the functional forms common in IAMs
are not properly responsive to “fat-tailed” uncertainties. In the course of developing this
argument, Weitzman offers his understanding of the original source of the damage function
formula in IAMs.
Weitzman comments that the functional form, particularly the simple quadratic version in which
GDP loss is predicted to rise with the square of ΔT (i.e., α3=2) was adopted largely because of its
familiarity to IAM developers with an economics background. He points to the fact that many
dynamic equilibrium economics models use similar quadratic terms to incorporate adjustment
costs to obtain reasonable solution properties. The analytical tractability of this formula could be
expected to carry over into the complex mathematical setting of IAMs. Weitzman notes: “There
was never any more compelling rationale for this particular loss function than the comfort that
economists feel from having worked with it before.”41
We find that the literature does contain evidence of more substantive reasoning regarding the
choice of functional forms in existing IAMs, but such discussions deal more with the value for
40

More technically, the probability distribution for climate risk has infinite variance.

41

Weitzman, 2009, p. 16.
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the formula’s parameter α3 than the use of that particular type of formula. Nordhaus (1992), for
example, reports that the case for non-linearity (i.e., α3>1) comes from studies of coastline
impacts. Other discussions point more to anecdotal and subjective judgments than to theoretical
arguments. For example, Nordhaus has always used a power of 2 in DICE (i.e., α3=2). In a
history of IAM development, Schneider and Lane (2007) describe an informal survey that
Nordhaus undertook (Nordhaus, 1994) to inform the question of how large damages would be at
higher temperature changes. Economist and ecologists had extremely different subjective views
about the level of damages, but they did agree that the relationship should be non-linear:
Despite the difference in magnitude of damage estimates between economists and
ecologists, the shape of the damage estimate curve was similar. All respondents
indicated accelerating costs with more climate changes.42
Similarly, documentation of the PAGE model cites a study by Cline in 1992 that purportedly
produced an average estimate of the parameter α3 of 1.3 – slightly greater than linear, but less
than 2.43 However, review of the original source (Cline, 1992), shows that Cline largely
assumed that damages for various categories of effect increase with temperature change by
powers that vary from 1.25 to 1.5. Although Cline offers reasons why one would expect some
categories of climate damage to increase more than linearly with temperature change, the
specific numerical powers that he uses in his analysis appear to have been his subjective
judgment, with no explanation of his reasons for choosing each numerical value.
Until its 2009 version, the PAGE model used a probability distribution for the parameter α3 that
was centered on 1.3 (with a range of 1 to 3), based on Cline.44 Starting in 2009, the PAGE
modelers re-centered that probability distribution on 2, and also raised the minimum value to 1.5.
We have not found an explanation in PAGE09 documentation for making this change in 2009,
which increases estimated damages and hence also the SCC estimate. However, a paper by
Hope (2011) mentions that PAGE09 has a damage function similar to that in a study by
Ackerman et al. (2009). The latter, in turn, states that it uses a central value for α3 slightly
greater than 2 because 2 is “the value used in many recent models.”45 This would appear to be
an example of the “circularity” mentioned by Pindyck46 in which choices of damage functions in
IAMs are often justified by reference to each other. Such circularity will tend to narrow the
range of parameters being used across models, causing them as a group to understate the degree
of uncertainty about the true damage relationships. This is one of the reasons why we conclude
that the variation in damage estimates across the three IWG models is unlikely to provide a
sufficient characterization of damage function uncertainty.
42

Schneider and Lane, 2007, p. 47.

43

Warren et al., 2006, p. 31.

44

Technically, the probability distribution was a triangular distribution between 1 and 3 with its mode (apex) at 1.3.

45

Ackerman et al., 2009, p. 8.

46

Pindyck, 2013, p. 868.
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Thus, we find that subjective judgments, informed by some reasoning, have supported the
assumption that damages should increase at an increasing rate as temperature increases, which is
what is achieved by assuming the parameter α3 is greater than 1 (recall the illustrative examples
in Figure 3). We also find that IAM modelers rarely, if ever, assume a value for α3 greater than
3. Here, it seems the reason is pragmatic. For example, using CETA, Peck and Teisberg (1992)
tested a damage function with α3=3 in order to demonstrate that “under certain assumptions a
large reduction of CO2 can be optimal”47 and concluded that a power of 3 should be sufficiently
high to achieve this. We have found no physical or economic theory or reasoning to limit the
upper end of the range of values for α3 to 3, but we have found no values above 3 in the IAM
literature.

B. Weitzman’s Theoretical Assessments of Alternative Damage Functions
As noted, Weitzman has discussed theoretical considerations in the choice of a damage function,
focusing on whether the functional form can account for the degree of welfare loss associated
with very small probability climate events of extreme magnitude (“fat-tailed risk”), which he
believes is a fundamental characteristic of climate change risk. Weitzman (2009) concludes that
an exponential form of the damage function, such as
D = 1- exp(-α2 x ΔTα3)

[4]

is preferable to the simple polynomial used in IAMs (i.e., the term inside the brackets in
equation [4]).48 His concern is that the simple polynomial form “thins down” the welfare
implications of a fat tail of physical impact risk because the exponential form makes welfare loss
proportional to absolute damages, whereas under the standard polynomial form the welfare loss
is only proportional to proportional increases in physical damages. Weitzman notes, however,
that there is no firm rule in economic theory that welfare loss must be proportional to the
absolute increase in damages (and thus provide greater importance to the “fat tail” of physical
climate change risk). He thus concludes that his preference cannot be justified as a theoretical
principle: “I cannot prove that my favored choice is the more reasonable of the two…but no one
can disprove it either – and this is the point here.”49
Weitzman (2010) explores alternative ways that the damage function, D, could be translated into
a societal welfare loss. He compares the theoretical properties of IAMs’ standard multiplicative
47

Peck and Teisberg, 1992, p. 68.

48

Weitzman, 2009, p. 16. In his paper, Weitzman expresses his preferred damage function as the fraction of
baseline GDP that will remain in the presence of a given temperature change. Equation [4] states his preferred
formula as percentage loss in baseline GDP, for consistency with the other descriptions in this paper of the damage
function. We note that the formula in equation [4] will never exceed 100% of baseline GDP, so it is equivalent to
the adjusted damage functions that IAMs actually apply, rather than to the core damage function α2 x ΔTα3. Also,
while Weitzman uses a quadratic form α2 x ΔT2 in his example, he is clear that the issue applies to damage
functions with any value of α3.

49

Weitzman, 2009, p. 16.
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use of D in the societal welfare function to an alternative, additive use of D in the welfare
function (which, as with the exponential damage function, preserves fat-tailed physical risk).
However, he finds both options preserve theoretically desirable properties of a societal welfare
function and so again, he concludes “it is essentially impossible to discriminate empirically
between the forms…so that readers must subjectively decide for themselves which…they feel
most comfortable with.”50

C. Summary on Conceptual Background for the Damage Function
There is no clear theoretical basis for choosing a specific functional form for the damage
function, which is not surprising given the scientific complexities that are implicit in the linkages
between temperature change and the dollar value of global damages. Moreover, although
Weitzman explores some additional conceptual issues and develops a preference for a
formulation that differs from that used by the three IAMs used by the IWG, he concludes that
there is no clear theoretical basis for choosing the functional form for the damage function used
in IAMs (and thus that generate SCC estimates). We will now turn to the evidence that has been
used to develop the specific parameters adopted by IAM developers.

50

Weitzman, 2010, p. 64.

NERA Economic Consulting

25

Exhibit ___ (AES-D-2)
MPUC Docket No. E-999/CI-14-643
OAH Docket No. 80-2500-31888

VI. EMPIRICAL BASES FOR PARAMETERS USED FOR DAMAGE
FUNCTIONS IN INTEGRATED ASSESSMENT MODELS
This section explains the empirical bases for the specific parameters that are used to define the
damage function. As explained in the prior section, values for α3 that have been used in IAMs
have ranged from 1 to 3. In contrast, the values for the other parameters (α2 and, if used, α1) are
determined by a “calibration” to impact estimates that lie within the range of historical
temperature changes, given the modeler’s choice of α3. This section summarizes the empirical
bases used to inform this calibration of damage functions in IAMs. We describe the calibration
process and consider limitations in the studies available to develop the calibrated values.

A. The Calibration Process Used to Determine Damage Function Parameters
The determination of the parameters of the damage function is based upon an empirical process
referred to as “calibration” by IAM modelers. Calibration is similar to the process of fitting a
curve to a set of data points. At first blush, it may appear innocuous for a modeler to choose
parameters to create a damage function that is consistent with point estimates of damages at
historically-experienced temperature changes, founded in climate change research. However,
fitting IAM damage functions often involves only one data point, called a “benchmark,” which is
an estimate of the percent of GDP lost at one particular temperature change. It is possible to
perform calibration with just one single data point when the damage function is α2 x ΔTα3 with a
pre-determined value for α3, because only one parameter (α2) needs to be estimated.
When a single benchmark is used, calibration is just an algebraic calculation rather than a
statistical process of curve-fitting. For example, if α3 is set to 2, and the benchmark point is a
GDP loss of 3% if temperature change ΔT is 4oC, then α2 is derived as the solution to
3 = α2 x 42, which means α2=3/16. This ensures a core damage function that will project
damages of 3% of baseline GDP in any year in which the IAM projects temperature change of
4oC, but it also determines damages at all other temperature changes too. If a different
benchmark is selected, a totally different damage function will result. As we will explain below,
the choice of what benchmark to use is a judgment each modeler makes, not based on a stable set
of observational data. For this reason, damage functions can differ dramatically from model to
model, but each is ad hoc and with no well-defined empirical standards to resolve which might
be more reliable than another.
The PAGE model allows the values to be determined probabilistically over an exogenously
determined range that allows for some representation of the modelers’ subjective uncertainty
about the damage function in this model. The damage function parameters of PAGE vary based
on a Monte Carlo simulation, which means that the model is run through many iterations, each
with randomly selected parameter values, and the many different SCC estimates are then
averaged together. In each model iteration, the parameter α3 is drawn from a triangular
distribution and a random value for the calibration benchmark is drawn from another probability
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distribution.51 In each model iteration, the value of α2 is then calculated to fit the selected
damage function through the selected benchmark point. The value for α3 in PAGE2002 varies
between 1 and 3 with a most likely value of 1.3. In PAGE09 it varies from 1.5 to 3, with a most
likely value of 2. The 2009 update to the PAGE model also introduced α1 in order to allow for
small initial benefits for small temperature changes. Therefore, fully specifying the damage
function in PAGE is as simple as choosing values of α3 (and α1 in PAGE09), choosing a
calibration point, and then solving the equation of one unknown through that point to derive α2.
The apparent complexity associated with PAGE is that this process is performed over many
iterations using Monte Carlo simulation and incorporates ad hoc representation of possible
discontinuities due to catastrophic events (i.e., dramatic sudden increases in damages not
captured by the smoothly increasing damage functions that have been described in this paper).
DICE has always set α3 at 2 and then typically calibrated α2 (and α1 when used) such that the
global damage function matches outputs from the regional version of the model (RICE), which is
calibrated by using sector-specific impact indices based on existing studies and expert guesses.52
The most recent version, DICE-2013R, departs from this methodology and instead specifies the
damage function by (1) fitting a quadratic through a set of 13 impact assessments spanning the
timeframe 1994 to 2006 (five of which are his own, and others include FUND and PAGE), then
(2) increasing the damage function value by an ad hoc 25% to allow for non-monetized impacts.
The fitted line and the actual core damage function (i.e., with the non-market impacts adder
included, which is the blue line) can be seen in Figure 5 below along with the 13 data points to
which it was calibrated.53 The sources for the 13 data points in Figure 5 are provided in Table 2
below.
The specific choices of calibration points and functional forms have evolved in all models over
time. Appendix A provides a brief description of the various changes in the DICE damage
function specification over the years as an example of the process that all models go through.

51

For the 2002 version of PAGE, the probability distribution for selecting calibration benchmarks is said to be based
on information in the IPCC (2001) report. However, the relationship between the specific numerical values in the
PAGE model and the information on the referenced pages of the IPCC report is not obvious. PAGE09 uses a
different distribution on calibration benchmarks that the model code indicates are based (without detailed
references) on Mastrandrea and FUND.

52

The version of DICE used in IWG’s 2013 analysis (the DICE 2010 model) is sparsely documented and rarely
cited in publications. Thus, we have not been able to determine the origins of that version’s parameter values.

53

The range shown for the “IPCC estimate” was not included in the calibration, and appears on the figure only to
show how the resulting core damage function (the blue line) compares to the “consensus” statement in IPCC
(2007).
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Figure 5. DICE-2013
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Table 2. Studies Used by Nordhaus in DICE-2013R (from Tol 2009)

Study
Nordhaus (1994a)
Nordhaus (1994b)
Fankhauser (1995)
Tol (1995)
Nordhaus and Yang
(1996)
Plambeck and Hope
(1996)
Mendelsohn,
Schlesinger, and
Williams (2000)

Warming
(°C)
3
3
2.5
2.5

Impact
(% of
GDP)
-1.3
-4.8
-1.4
-1.9

2.5

-1.7

2.5

-2.5

(*)

0.0
2.5
0.1

Notes

(**)

"Experimental" model; only includes market
impacts.
"Cross-sectional" model; only includes market
impacts.

Nordhaus and Boyer
(2000)
Tol (2002)
Maddison (2003)
Rehdanz and Maddison
(2005)

2.5

-1.5

1
2.5

2.3
-0.1

Only considers market impacts on households.

1

-0.4

Only considers market impacts on households

Hope (2006)

2.5

0.9

The numbers used by Hope (2006) are averages of
previous estimates by Fankhauser and Tol.

Nordhaus (2006)
2.5
-0.9
(*) The table in Tol (2009) shows this as a +2.5 but the original source and Nordhaus’s use indicate it is
-2.5, as reported in this table too.
(**) It appears that Nordhaus used only the “experimental” model result of 0.0 to represent Mendelsohn
et al. (2000), but the value for the “cross-sectional” model appears in Tol (2009)’s original table.

In spite of having a more bottom-up approach, FUND still faces the same limited data
availability issues. For example, the water resources impact category in FUND is calibrated to
results by Downing from the mid-1990s which, in a 2002 paper, Tol refers to as being
incomplete and thus “the model used… is therefore ad hoc.”55 Indeed, one of the difficulties of a
more detailed model is that many sources of data must be kept up-to-date.
Authors note the need to rely upon incomplete information to calibrate their models. As Tol
states, “This literature is to a large extent outside the economic discipline. It is therefore hard to
access and appreciate the difficulties.”56 Similarly, Nordhaus writes that “although the literature
in this area is extensive, there are many gaps in coverage of sectors and countries, and many of

55

Tol, 2002b, p. 142.

56

Tol, 2002a, p. 49.
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the most important impacts have not been satisfactorily quantified and monetized.”57 Thus
modelers must use what studies are available.
In some cases, the studies used as “data” by the modelers are not independent of the modeler.
Pindyck (2013) provides the following example of a potential lack of independence of models
and “input” data. “Nordhaus (2008) points out (page 51) that the 2007 IPCC report states that
‘global mean losses could be 1-5% GDP for 4o C of warming.’ But where did the IPCC get those
numbers? From its own survey of several IAMs. Yes, it’s a bit circular.”58
Another complication is the use of region-specific data that must be extrapolated to the model
regions used in PAGE, FUND, and DICE/RICE. The aforementioned most-likely α3 value of l.3
in PAGE2002 comes from Cline (1992) and is US-specific.59 However, the same value is used
to calculate the damages for PAGE’s EU region (from which a regional multiplier is used to
arrive at damages for other regions). Although the latter assumption may be plausible, it
highlights the need to make judgments about a correspondence between a study’s regions and the
IAM model’s regions – even when an underlying study is global in scope.

C. Summary of Empirical Bases for Damage Function Parameters
The calibration process used to develop the damage function parameters is based upon limited
information on the linkage between temperature change and global or regional damages. There
are simply few (and inherently limited) studies that can provide the data for the calibration
process.
The modelers clearly recognize and readily concede the limitations in the empirical evidence that
lies behind their models, including the damage function. Tol admits that this “does not result in
a climate change impact model that is adequate. The accompanying static impact assessment is
far from perfect, with many pieces missing and a lot of questionable assumptions.”60 Nordhaus
similarly states that “the damage functions continue to be a major source of modeling
uncertainty.”61 However, as will be discussed in the next section, the range of possible
parameters leads to very large differences in estimated damage values.

57

Nordhaus and Boyer, 2000, p. 69.

58

Pindyck, 2013, p. 868.

59

Warren et al., 2006, p. 31.

60

Tol, 2002b, p. 136, citations omitted.

61

Nordhaus, 2008, p. 51.
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VII. QUANTITATIVE EXAMINATION OF DAMAGE FUNCTION
SENSITIVITIES
This section illustrates the variation in the dollar value of damages under alternative plausible
values of the parameters of the damage function. These results show that the projected GDP
changes due to a given temperature change can vary widely for relatively small differences in the
parameter values.

A. Sensitivity of Damages to Alternative Damage Function Parameters
We illustrate the importance of specific damage function parameters by considering the estimate
of global damages as a function of temperature change under four possible damage functions that
reflect the extreme values of damage function parameters we found being used in IAMs.
Figure 6 graphs the values that these four different damage functions would project at
temperature changes up to 15°C. Sensitivity results are shown over this wide range of
temperature change because temperature changes up to 13°C appear to have been projected in
some of the IWG’s IAM runs by the end of their modeling period, the year 2300.62 The blue
brackets below the x-axis on the figure indicate the range of temperature changes in 2300 at the
10th percentile value of the IWG’s ECS distribution, and the rightmost brackets represent the
temperature changes at the 90th percentile value of the IWG’s ECS distribution. They indicate
that the IWG’s SCC estimates for 2300 include temperature changes above roughly 3 to 5°C in
about 90% of the IAM runs and that exceed 8 to 13°C in about 10% of the IAM runs.
The y-axis on Figure 6 indicates the damage function estimate for each temperature change level.
The metric for D in this figure is what the loss of GDP will be in the scenario being run (for each
amount of temperature change on the x-axis) stated as a percentage of what it would be absent
any temperature change due to CO2 emissions. The four lines graphed in the figure represent
four alternative possible damage functions, which are created by taking the two extreme values
of α3 (1 and 3) and calibrating them to two points based on the extremes of IPCC’s “consensus”
range (i.e., IPCC’s 1% and 5% loss at a 4°C temperature change). These functions have also
been adjusted to prevent damages from exceeding 100% of baseline GDP (i.e., the functions take
on an S-shape) using the adjustment method of equation [3].

62

The IWG runs assumed a probability distribution on the parameter for the equilibrium climate sensitivity (ECS)
parameter, which determines temperature change given a path of emissions of greenhouse gases. The 80%
confidence interval for ECS values used by the IWG is from about 2 to 5.86. We ran the four IWG socioeconomic
scenarios that did not assume atmospheric stabilization through DICE2007 with the ECS fixed at 2 and 5.86. The
blue brackets at the bottom of the figure indicate the range of temperature changes that these runs projected in the
year 2300 for the two ECS values. (Stabilization scenarios inherently have lower temperature changes that are not
included in the ranges shown on the figure.)
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Figure 6. Damage Functions with Varied Powers and Calibration Points
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Note: Roe & Baker distribution on equilibrium climate sensitivity (ECS) has 10th percentile at ~2 and
90th percentile at 5.86

For this sensitivity analysis, all four functions set α1 to 0. Incorporating a non-zero α1 is not
possible with only one calibration point except by exogenously specifying its value. If we were
to include any non-zero value of α1, however, the range of uncertainty would be larger than in
this particular figure.

B. Implications of Sensitivity Results
As can be seen in Figure 6, the projected damages are sensitive to both the calibration point and
the choice of exponent. In particular, the predicted dollar value of damages is substantially
greater with a larger exponent (i.e., an exponent of 3 rather than 1) and when the calibration
point is assumed to be a 5% reduction in global GDP rather than a 1% reduction in global GDP
at a temperature change of 4oC. By comparing the solid lines to the dotted lines of the same
color, one can see the effect of using an α3 of 3 versus 1. By comparing the blue lines to their
respective red lines, one can see the effect of using a higher or lower calibration point from those
widely cited in the literature.
The results also depend substantially on the temperature change, with the absolute differences
due to alternative parameter values substantially greater at higher temperatures. It is worth
recalling here that the majority, if not all, of IAMs are calibrated to empirical evidence limited to
less than 3°C temperature increase. Nordhaus warns against extrapolating damage functions
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outside of the range in the underlying studies: “In reality, estimates of damage functions are
virtually non-existent for temperature increases above 3°C.”63 However, as noted above, the
climate scenarios used by the IWG include temperature changes well outside of this range.
At temperature changes that are both relatively high and relatively low compared to the
temperature change used for the benchmark (4oC) in the functions in the figure above, the
damage functions produce very different damage estimates. The damage functions shown in
Figure 6 project GDP losses that differ by at least a factor of 5, which is the difference that
occurs at the benchmark of 4oC. However, they differ by much more at other temperature
changes. Figure 7 shows the ratio of damage estimates between the highest and lowest damage
function in Figure 6. Differences in the damage estimates across the four alternative functions
exceed a factor of 10 for ΔT less than about 3°C and greater that about 6°C. Given that
sensitivity in the damage estimate will translate into sensitivity in the SCC estimate, this large
uncertainty in damages likely implies substantial uncertainty in SCC estimates.64
Figure 7. Ratio of High to Low GDP Loss at Corresponding Temperature Changes
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Nordhaus and Sztorc, 2013, p. 11.

64

The SCC sensitivity resulting from damage function sensitivity cannot be determined without a comprehensive
sensitivity analysis using multiple runs of models with multiple different damage function settings, which was
outside the scope of this study. However, absolute differences in damage estimates that occur nearer to the present
time, and at temperature changes that are most frequently projected in IAM scenarios will have the most impact on
sensitivity of the ultimate SCC estimate. While the variation in GDP loss at low and high temperature changes
may be about the same in relative terms, the absolute impact on IAM damage estimates (and hence on the absolute
SCC estimates) is much smaller at the lower temperature changes.
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C. Differences Due to Use of the Exponential Function
The sensitivity analysis in Figures 6 and 7 only consider variations in the parameters of a
polynomial damage function. As noted in the prior section, Weitzman indicates a theoretical
preference for an exponential damage function.
Our numerical analyses indicate that the increase in damage estimates from using the exponential
form in place of its equivalent polynomial form is greater as α3 increases from 1 to 3 (the range
shown in Figure 6). Nevertheless, this change of functional form does not appear to result in
exceptionally large change in damage estimates within the ranges of temperature change
projected in the IWG’s SCC estimates. For example, Figure 8 shows the exponential damage
function compared to the highest of the four polynomial damage functions in Figure 6. Although
the exponential form does result in greater damage estimates relative to the comparable
polynomial form, the numerical differences are not as large as those due to various settings of
parameters of the polynomial mentioned in the IAM literature. However, if the exponential form
were to be included as another uncertainty in the sensitivity analysis that produced Figure 6, the
range in that figure would be wider at temperature changes above about 5oC. (More specifically,
the upper line in Figure 6 would rise from the level of the red line in Figure 8 to the level of the
blue line in Figure 8.)
Figure 8. Damage Estimates from Exponential Compared to Polynomial Damage Function with
Same Parameters (using highest damage function in Figure 6)
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Note that Weitzman’s concern is that the ranges in projected temperature changes themselves are
understated, and it is in the higher ranges that an exponential form of the damage function will
produce noticeably higher losses than the standard polynomial form. In the end, Weitzman
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concludes IAMs are insufficient for dealing with the kind of uncertainty that climate change
actually poses. Nevertheless, it appears that greater risk of extreme temperature or other climatic
outcomes also needs to be incorporated into IAMs’ scientific assumptions before his concerns
with the damage functional form can become apparent in IAM model results.

D. Summary of Sensitivity Analyses
The estimates of global damages due to a given temperature change can differ substantially
depending upon the parameters of the presumed damage function. Our sensitivity analyses show
large differences in global damages over plausible ranges of two elements of the damage
function: (1) the exponent of the damage function and (2) the point at which it is calibrated.
Moreover, the magnitude of the difference depends upon the level of temperature change, with
the sensitivity greater at higher temperature changes. Although the large temperature changes
are not as important in the early and middle years of the projections, these temperature changes
can be relevant in the later years of the projections. This sensitivity analysis understates the
range of uncertainty because it has assumed for simplicity that the parameter α1 is always zero.
Incorporation of plausible non-zero values for α1 would widen the estimated range on both sides
of the assumed calibration point.
In contrast to the sensitivity across different parameters of the damage function, the empirical
results are not as sensitive to a shift to an exponential functional form. Weitzman indicates a
preference for the exponential form as better capturing the effects of extreme events; but given
the way IAMs currently capture temperature change uncertainty, use of his proposed exponential
form does not lead to substantial sensitivity in damage estimates for most potential levels of
temperature change the IAMs consider. Nevertheless, if our sensitivity analysis on parameter
uncertainty were to be expanded to include consideration of Weitzman’s preferred (exponential)
functional form in addition to the standard (polynomial) form, the estimated sensitivity range for
damage estimates would further widen at higher temperature changes.
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VIII. CONCLUSIONS
In contrast to the traditional effect-by-effect approach known as the “damage function method”
used in RIAs, the damage functions in IAMs tend to be aggregate relationships between global
temperature change and GDP losses that do not describe the specific impacts that lead to
damages due to temperature change. Thus, it is not possible to evaluate uncertainties in the
damage functions that underlie the SCC values by evaluating uncertainties in specific
relationships between detailed physical effects and global damages.
It also is not possible to evaluate effects of uncertainties in the damage function by considering
the specific SCC values reported by the IWG, which nevertheless differ by a factor of three to
eight (i.e., 200% to 700%), as was demonstrated by Table 1 in Section II. These differences do
not provide a clear indication of uncertainties regarding the damage function because there are
other aspects of the IAMs that also were not held constant in the IWG’s analyses. However, it is
reasonable to expect that some of that variation in IWG’s SCC values is due to differences in the
respective IAMs’ damage functions. Our assessment of plausible damage function specifications
indicates that the full range of uncertainty in the damage function has not been addressed in the
IWG analysis and thus also is not reflected in the SCC values that the IWG presents.
The lack of clear theoretical or empirical bases for the specific damage functions used by the
IWG means that we cannot use empirical or conceptual considerations to reduce the range of
possible damage value results. Lacking clear guidance, modelers tend to rely on a familiar
polynomial function and limited empirical information. This specification of the damage
function is further complicated by the theoretical need to modify the damage function to prevent
it from allowing damages to exceed global output even though the likelihood of such a result is
relatively small.
The implication of these difficulties is that the parameter values and calibration procedure for the
damage functions used in the IAMs are largely ad hoc and arbitrary. Using a pre-determined
value for α3 and setting α1 to 0 means that the damage function is largely dictated by the
subjective choice of a benchmark estimate – often a single data point. Although the
mathematical form of the damage function is relatively simple, plausible parameters for this
mathematical formulation lead to very different estimates of global damages. We find, for
example, that possible damage estimates at a given point in time can differ by up to a factor of 20
within the range of parameters and range of temperature changes found in the IAM literature.
Even this analysis understates the range of uncertainty as it has assumed for simplicity that α1 is
0, and that there is no uncertainty about the appropriate functional form. A sensitivity analysis
that would also include alternative plausible non-zero values for α1, and alternative functional
forms (e.g., considering exponential as well as polynomial formulations, as suggested by
Weitzman) would further increase the range of possible damage values.
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Modelers seem clearly to acknowledge the uncertainties in the damage functions in the IAMs.
Tol reminds the reader that “a lot of questionable assumptions”65 had to be made in developing
the damage estimates. Nordhaus states that “providing reliable estimates of the damages from
climate change over the long run has proven extremely difficult.”66
Since the damage estimate is a central input to the SCC estimates, the large uncertainty in the
damage function translates into uncertainty in the SCC estimates that could be correspondingly
large. However, a comprehensive representation of damage function uncertainties – analyzed in
combination with the other IAM input uncertainties – is needed to characterize how much more
uncertain the IWG’s SCC estimates would be as a result of that damage function uncertainty.
Neither the IWG nor we have conducted such an analysis.

65

Tol, 2002b, p. 136.

66

Nordhaus and Sztorc, 2013, p. 10.
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APPENDIX A. EVOLUTION OF DAMAGE FUNCTION IN DICE
In this Appendix, we summarize how DICE’s damage function has evolved over the years. This
summary includes the more prominently documented versions of DICE as a simple exposition of
how particular modelling decisions have changed over the years. Most notably, there is a
consistency in the use of a quadratic function of temperature change (though sea-level rise was
briefly included) while determinants of the coefficient, or benchmark estimate, changed in 1999
and again in 2013.
DICE 1992-1994
In Nordhaus’s 1992 paper, the author states that net economic damages in the US from a 3°C
temperature increase would be roughly .25% of GNP. He claims that the global number actually
should be 1.33% to include non-market impacts and to reflect greater vulnerability to climate
damages in other parts of the world.67
A quadratic function is assumed, supported by the “evidence about the nonlinear nature of
impact of temperature rise … from studies of coastal impacts.”68
In summary, the early version of DICE used the following damage function is:
D(t) = .0133 * [T(t)/3]^2 * Q(t)
where t is time, D(t) is loss of global output, T(t) is temperature, and Q(t) is output.
RICE/DICE 1999
In the 1999 update to the model, the coefficients of DICE’s damage function were chosen in
order to match results from RICE-99 (again, the quadratic form was assumed). 69 The resulting
damage function took the following form, which allows for benefits to output at low levels of
temperature change:
D(t) = -.0045 * T(t) + .0035 * T(t)^2
with D(t) now defined as climate damage as a fraction of net output and T(t) is temperature
increase from 1900.
Much more detail is given concerning calibration of the RICE-99 damage function. Nordhaus
employs ‘impact indices’ specific to each RICE region and sector (agriculture, ‘other vulnerable
market’, coastal, health, nonmarket time use, and settlements). These indices are constructed by
67

For a more detailed discussion, see Nordhaus, 1992.

68

Nordhaus, 1992, footnote on pg. 45.

69

For a more detailed discussion, see Nordhaus and Boyer, 2000.
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assuming a sector-specific functional form of the impact of temperature based on existing studies
and literature. For each region, the sector impacts are calculated for temperature changes of
2.5°C and 6°C then summed to come up with one damage value per region and temperature
change. With these two points, determining the values of the coefficients of the damage function
is then as simple as solving a system of two equations.
DICE 2007
Nordhaus follows the same approach as in 1999 in his 2007 update but with refined and revised
estimates at the region/sector level.70 However, one result of the recalibration is that there are no
longer benefits at low levels of temperature change:
D(t) = .0028388 * T(t)^2
RICE/DICE 2010
As stated in the IWG 2013, Nordhaus made significant changes to the damage functions for the
2010 model-year version of DICE – he revised the relationship to explicitly include sea-level rise
in addition to temperature change. However, in RICE 2011 Nordhaus reverts back to damages
solely as a function of temperature change claiming that “damages can be reasonably well
approximated by a quadratic in temperature over the near term.”71 Nevertheless, the DICE 2010
damage function takes the following form (where SLR = Sea-level rise):
D(t) = .00205 * T(t)^2 + .0052 * SLR + .0031 * SLR^2
It should be noted that a technical description or user’s manual does not exist for DICE 2010 so
less is known about the derivation of the parameters of model.
DICE-2013R
For the most recent version of DICE, Nordhaus appears to have abandoned his previous
calibration exercise of building up the damage function from calibrations to RICE (which, for its
part, aggregated across sector-specific damages). In his October 2013 model, it appears that
Nordhaus first fitted a quadratic damage function through estimates of output impacts in Tol’s
2009 paper, then increased the impact by 25% to reflect non-monetized impacts.72 It is worth
noting that 5 out of the 13 studies used to calibrate the 2013 damage function were previous
incarnations of Nordhaus’s own impact estimations. The resulting damage function is:
D(t) = .00267 * T(t)^2

70

For a more detailed discussion, see Nordhaus, 2008.

71

Nordhaus, 2011, p. 5.

72

For a more detailed discussion, see Nordhaus, 2013.
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