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But first...

...Indulge me 3-4 minutes on two topics that came up
yesterday on which | have actually done some real work:

Carbon Capture and Geological Sequestration (CCS)
Solar Radiation Management (SRM)



A few years ago...

...we concluded that while the technology for CCS is
critically important, so too is developing a U.S. regulatory
regime that assures CCS will be done in a manner that is
safe, environmentally sound, affordable, compatible with
evolving international carbon control regimes (including
emissions trading) and socially equitable.
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To help make this happen we D
launched a collaborative effort L Ll f" T
called the CCSReg Project. & Yy
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We developed policy briefs to address:

Legal access to and
use of pore space
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We did extensive briefings...

...on Capitol Hill, at EPA, to industry
and environmental groups both in the
U.S. and internationally. Also
organized several workshops and
made a variety of conference
presentations, all with the dual
objectives of getting our ideas out
and obtaining critical input.

While we got very favorable
reactions, and lots of useful
advice, it soon became clear that
nobody on the Hill was going to
pick up these ideas and convert
them to legislative language...

50-pg. draft Interim gbg r;olicv
...since we had a couple of legislation report rets
experienced lawyers on our team

we did it ourselves.



In June 2012...

...we published a book through RFF Press.

M. GRANGER MORGAN & SEAN T. MCCOY Contents

With Jay Apt, Michae! Dworkin, Paul S, Fischbeck, David Gerard, Kaitlin A Gregg.
R. Lee Gresham, Colin R. Hagan, Denald M. Kreis, Robert R. Nordhaus, Emiy R, Pitlick,
Melisa Pollak, Jessca L Reiss, Edward S. Rubsn, Kari Twane, and Elizabeth J. Wilson 1

The Importance of CCS in a Carbon

CARBON CAPTURE Constrained World
OND-SEQUESTRATION 2. Technology for Carbon Capture and

Removing the Legal and Regulatory Barriers

Geologic Sequestration (CCS)

3. Siting CO, Pipelines for Geologic
Sequestration

4. Permitting Geological Sequestration Sites

5. Learning from and Adapting to Changes
in Geologic Sequestration Technology

6. Access to Pore Space for Geological
Sequestration

7. Liability and the Management of Long-
term Stewardship

8. Greenhouse Gas Accounting for CCS

9. Making CCS a Reality

10. Conclusions and Recommendations




One figure from Chapter 9

In the case of both SO,
scrubber technology and in
the case of NOx control
technology, Ed Rubin finds
that costs rose significantly
after problems were
encountered with the design
and performance of the first
few plants.
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Figure source: NASA and IPCC.
Source: Novim report, 2009, p. 14

SRM

Experience with large volcanic explosions make it
clear that cooling can be very rapid.
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“The Mt. Pinatubo explosion
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The CFR workshop...

Because the diplomatic community was
almost completely unaware of SRM, in
2008 | organized a workshop at the
Council on Foreign Relations in
Washington, DC.

s s
The workshop led to a paper that appeared in the 2009 March/April issue
of Foreign Affairs.

FOREIGN Participants in the 2008 workshop were
AFFAIRS all from North America.
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"The Geoengineering Option To extend the conversation to a more
A Last Resort Against Global Warming? Intel’nathna| group, we ran a SeCOnd

David G. Victor, M. Granger Morgan, Fay Apt, WO rkS h O p In Ap rl I 2 O 09 In L IS bo n !
Fobn Steinbruner, and Katharine Ricke P (@) rt u g a I .

EacH YEAR, the effects of climate change are coming into sharper
focus. Barely a month goes by without some fresh bad news: ice sheets
and glaciers are melting faster than expected, sea levels are rising more
rapidly than ever in recorded history, plants are blooming earlier in

the spring, water supplies and habitats are in danger, birds are being
forced to find new migratory patterns.

The odds that the global climate will reach a dangerous tipping
point are increasing. Over the course of the twenty-first century, key . . .
ocean currents, such as the Gulf Stream, could shift radically, and Source: Council on Fore|gn Relations

thawing permafrost could release huge amounts of additional green-




The Lisbon Workshop.. s
...was hosted by the Ministry of Science, SRS .
Technology and Higher Education of
the Government of Portugal. The two-day workshop
was held at the facilities of the Gulbenkian
Foundation.
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Co-sponsors included: IRGC, CMU-CDMC, U Calgary. Prtants cae |
from N. America, EU, China, Russia, and India.
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Some subsequent events...

Sep. 2009: The
governance section
of the Royal
Society’s report on
Geoengineering

Geoengineering
the climate

2010

Jan

June 2009: U.S.
NRC workshop on
geoengineering

Geoengineering Options to Respond to Climate Change:
Steps to Establish a Research Agenda

March 2010: The
discussion of

risk governance at |
the Asilomar
conference on —
geoengineering —

mmmmmmm

\ Jan[ 2011
' March 2010: November 2010:
Testimony to a joint IRGC opinion piece on

. session of the U.S. = governance

 House Science m
Committee and the
Science Committee
of the UK
Parliament

August 2010: First
multi-university
summer study

l

March 2010: = et j
Evening briefing ——————
to CFR




SRM...(Cont.

BEG renen on April 2012: CMU
March 2011: U.S. research workshop on managing
SRMGI Kavli Center ' — knowledge
iyl ‘ May 2012:
s - A DC CIT event
June 2011: Lima IPCC expert
EDF%- MYt \ meeting on geoengineering —\
Jan 2011 \ Jan| 2012
August 2011: managemento¢ s uncio of cimats senstity
January 2011: La Jolla Second multi- e
IGBP workshop [ A " university summer ‘

study program for
graduate students
and other young

investigators held
atBanff =

on ecosystem
impacts of
geoengineering

Paper now in press , F
at AMBIO ., -



SRM...(Cont.)
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Needed: Research Guidelines

for Solar Radiation
Management

As this approach to geoengineering gains attention,
a coordinated plan for research will make it possible
to understand how it might work and what dangers

it could present.

missions of carbon dioxide (CO:) and other
greenhouse gases (GHGs) continue to rise.
The effects of climate change are becoming
ever more apparent. Yet prospects for re-
ducing global emissions of CO: by an order
of magnitude, as would be needed to re-
duce threats of dimate change, seem more
remote than ever.

‘When emissions of air pollutants, such as sulfur dioxide
and oxides of nitrogen, are reduced, improvements occur
ina matter of days or weeks, because the gases quickly dis-
appear from the atmosphere. This is not true for GHGs.
Once emitted, they remain in the atmosphere for many
decades or centuries. As a result, to stabilize i

GHSs will have to fall by 80 to 90% over the next few decades.

Because the world has already lost so much time, and be-
cause it does not appear that serious efforts will be made to
reduce emissions in the major economies any time soon,
interest has been growing in the possibility that warming
‘might be offset by engineering the planet: a concept called
geoengineering. The term solar radiation management
(SRM) is used to refer to a number of strategies that might
be used to increase the fraction of sunlight reflected back
into space by just a couple of percentage points in order to
offset inct ed i

concentrations of CO: and other GHGs. Of these strategies,
the one that appears to be most affordable and most capa-
ble of bei sickly i involves injectis re-

concentrations, emissions must be dramatically reduced.
Further, there is inertia in the earth-ocean system, so the
full effects of the emissions that have already occurred have
yet to be felt. If the planet is to avoid serious climate change
and its largely adverse consequences, global emissions of

flective particles into the stratosphere.
‘There is nothing theoretical about whether SRM could
cool the planet. Every time a large volcano explodes and in-
jects tons of material into the stratosphere, Earth’s aver
temperature drops. When Mount Pinatubo exploded in
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BUT...

...I'm supposed to be talking about B-C
In the context of sea level rise and other
impacts from climate change.

15



At this point in my presentation at
Snowmass | included four photos showing
sea level rise that were commissioned by

Dan Shrag. He has kindly provided them
to me, but | do not feel comfortable
sharing machineable copies.




The obvious first question is:

Benefit-Cost Analysis for what? Here are six possibilities:
1.

Decisions by potentially affected parties (e.g., Port of Long
Beach) about what investments to make to deal with likely
future impacts from sea level rise.

Choices at the national level between alternative adaptive
strategies such as sea walls versus coastal retreat.

Choices by a nation as to whether and how much emissions
abatement to undertake.

Choices by a nation as to whether or not to join an
international agreement on emissions abatement.

Assessment of the "social cost of carbon."

Choice of a globally optimum level of emissions abatement.

17



Example 1:

Decisions by potentially affected parties (e.g., Port of
Long Beach) about what investments to make to deal
with likely future impacts from sea level rise.

Use of B-C:

It is entirely appropriate to use a B-C formulation when
a single decision maker (or a group that has shared
values) is trying to decide if the costs of making some
investment to mitigate the impacts of possible sea level
rise (e.g., changing the dock facilities in Long Beach,
CA) are greater or less than the benefits (in the form of
reduced damages) that can be expected over the life of
the project. Of course, given the high level of
uncertainty one may want to use "robust decision
making" techniques, but that is not at odds with a B-C
formulation.

18



Example 1:

Decisions by potentially affected parties (e.g., Port of
Long Beach) about what investments to make to deal
with likely future impacts from sea level rise.

Use of B-C:

It is entirely appropriate to use a B-C formulation when
a single decision maker (or a group that has shared
values) is trying to decide if the costs of making some
investment to mitigate the impacts of possible sea level
rise (e.g., changing the dock facilities in Long Beach,
CA) are greater or less than the benefits (in the form of
reduced damages) that can be expected over the life of
the project. Of course, given the high level of
uncertainty one may want to use "robust decision
making" techniques, but that is not at odds with a B-C

formulation. | will explain why | say this in a moment,

but first let’s look at Example 2. 19



Example 2:

Choices at the national level between alternative adaptive
strategies such as sea walls versus coastal retreat.

Use of B-C:

Analysis in this case involves several challenging issues:
 Building stochastic storm damage models (most early
damage will come from storms, not inundation);

« Assessing social values;

« Addressing issues of time preference (it would be
desirable to do comparative analysis using several
strategies, not just exponential or hyperbolic
discounting).

Again, it would probably be desirable to use "robust”
methods to search the space of options. However, again |
believe this is a case where a nation could appropriately
use a B-C formulation to inform its choices.



Why is B-C appropriate...

...as a strategy for Examples 1 and 2?

While the time-scale may be longer than for some B-C
calculations, and there are various other analytical

complications, both these examples fall squarely in the
space in which the

un d e rI yl n g Timle requtired to Conventional tools of
. iImplement or olicy analysis largel
assumptions made  reverse assurhe one is inside
b t I this space
y conventiona Cultural/political

Lifetime of distance between

I individual e
tools of policy dvidual parties
. . . Generation
analysis, including —
. oc
B'C, are Valld Political election
cycle
d a(\\“d g
Res()\)x oeso ¢ a“\
res?” so\“ces ° Resources required

re or at stake
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Most conventional tools of
policy analysis assume that:

1. there is a single (public-sector) decision maker who faces a
single problem (in the context of a single polity);

2. values are known (or knowable), static, and exogenously
determined;

3. the decision maker should select a policy by maximizing
expected utility;

4. the impacts involved are of manageable size and can be
valued at the margin;

5. time preference is accurately described by conventional
methods for assessing future costs and benefits;

6. the system under study can reasonably be treated as linear;
/. uncertainty is modest and manageable.

M. Granger Morgan, Milind Kandlikar, James Risbey and Hadi Dowlatabadi, Editorial - “Why Conventional Tools for
Policy Analysis Are Often Inadequate for Problems of Global Change,” Climatic Change, 41, 271-281, 1999. 22



Because Examples 3 and 4...

...are more complicated, let me come back to them in
a few minutes and next consider examples 5 and 6,
where in my view the use of B-C methods is not
appropriate. To remind you:

5. Assessment of the "social cost of
carbon.”

6. Choice of a globally optimum level of
emissions abatement.

23



At least some aspects of
those questions lie out here

Time required to : -
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That Is because:

1. There is a single (public-sector) decision maker who
faces a single problem (in the context of a single polity).

Becomes

1. There is no single decision maker for the entire planet.
Rather there are multiple decision makers who face
multiple problems (in the context of different polities).

25



That Is because:

2. Values are known (or knowable), static, and
exogenously determined.

Becomes

2. Values are diverse across parties, and likely to change
over time and across generations (e.g., some may decide
they like some of the changes, some may learn that the
changes are much worse than expected; | don't want to
see a change in the white pine, sugar maple, beach, and
birch ecosystem of NH but my great great grandchildren
may be very happy with a verdant mix of yellow pine and
oak).

26



That Is because:

3. The decision maker should select a policy by maximizing
expected utility.

Becomes

3. As noted above, there is no single global decision maker
nor is there any single global utility function that all the
world accepts that can be maximized.

27



That Is because:

4. The impacts involved are of manageable size and can
be valued at the margin.

Becomes

4. Some of the impacts involved will be very large (for at
least some parties) and so can not be valued at the
margin (consider for example small island states that
disappear under water).

28



That Is because:

5. Time preference is accurately described by conventional
methods for assessing future costs and benefits.

Becomes

5. Time preferences are likely to be very different for
different parties, and in many cases not exponential or
even hyperbolic.

. ... § b ® e e, ‘o g; ;“
Here, for example, are implicit & os : K A
discount factors from JL — . — .
behavioral studies just S 04 .
among U.S. respondents: Sl e ° .,
g 0 | o—1 | It ‘ P
1975 1980 1985 1990 1995 2000
Source: Frederick, S., G. Loewenstein, T. O'Donoghue (2002). "Time Discounting and Time Year of publication 29

Preference: A Critical Review," Journal of Economic Literature, XL, pp. 351-401.



That Is because:

6. The system under study can be reasonably treated
as linear.

Becomes

6. The system under study is obviously highly non-linear
and includes various positive and negative feedbacks.

30



That Is because:

7. Uncertainty is modest and manageable.

Becomes

/. Uncertainty is very large, and there are both known and
almost certainly important unknown unknowns.

31



Bottom line

Before picking up any of the
conventional tools of policy
analysis (including B-C) and
applying them to a climate
problem, one really needs to

think carefully about where important parts of the
problem lie in this space. If they lie outside the
“conventional zone,” it is likely that one will need to
adopt (or develop) non-conventional analytical
methods.

32



Problem 5.

Assessment of the "social cost of carbon.”
Why do we need this?

Answer: Primarily because here in the U.S. some number is
needed as agencies decide what carbon abatement
investments they should make or how to value the carbon
emissions of their projects.

Because of Executive Order 12866, the U.S. recently went
through a great deal of numerology in order to get some
numbers.

The purpose of the "social cost of carbon" (SCC) estimates
presented here is to allow agencies to incorporate the social benefits
of reducing carbon dioxide (CO2) emissions into cost-benefit
analyses of regulatory actions that have small, or "marginal,"
impacts on cumulative global emissions... (EPA, 2009)
33



Over the course of 50 pages...

...EPA (2009) performed a variety of reviews and calculations in
an effort to cost out things like agricultural productivity, human
health, property damages from increased flood risk, and the value
of ecosystem services. The report does not cover all the impacts
of climate change, nor is it adequately international or come to
grips with the possibility that we may end up in a "high tail" of one
of the distributions of impacts. However, in my view, Anthoff and
Tol (2010) identify the central issue:

Estimates of the marginal damage costs of carbon dioxide
emissions require the aggregation of monetised impacts
of climate change over people with different incomes and
in different jurisdictions. Implicitly or explicitly, such
estimates assume a social welfare function and hence a
particular attitude towards equity and justice.

Source: Anthoff, D. and R. S.J. Tol (2010). "On International Equity and National Decision Making on
Climate Change," Journal of Environmental Economics and Management, 60(1),14-20.

34



Problem 6.

Choice of a globally optimum level of
emissions abatement.

Why do we need this?

Answer: It is not clear to me that we do. Some
would argue we need it in order to decide how
much abatement the world should buy.
However, even if such an analysis made sense
(I'll argue in a moment that it does not), the

obvious question is how, and by who, would the
result be used?

35



Problem 6.

Choice of a globally optimum level of
emissions abatement.

Why do we need this?

Answer: It is not clear to me that we do. Some
would argue we need it in order to decide how
much abatement the world should buy.
However, even if such an analysis made sense
(I'll argue in a moment that it does not), the

obvious question is how, and by who, would the
result be used?

While it vastly oversimplifies, the

following helps to explain my argument.

36



GHG Management
from the top down.

Perform an IA in order to
determine the "optimal”
level of abatement.

Through international
negotiations get a global
agreement in place that
endorses that level.

Persuade all major
emitters to "sign up" and
adopt coordinated policies
to meet that level.

GHG Management
from the bottom up.

Different parts of the world
get serious about reducing
emission of GHGs at
different times.

Each starts doing various
things to reduce emissions.

As more get serious,
iInternational negotiations
begin to work to coordinate
the several abatement

regimes.
37



The key thing...

...needed to implement
this model is integrated
assessment that
determines the target.

GHG Management
from the top down.

Perform an IA in order to
determine the "optimal”
level of abatement.

Through international
negotiations get a global
agreement in place that
endorses that level.

Persuade all major
emitters to "sign up"” and
adopt coordinated policies
to meet that level.
38



The key thing...

...needed to implement
this model is emission
abatement supply curves
so that those who
choose to get started
can do so in the most
cost effective way.

GHG Management
from the bottom up.

Different parts of the world
get serious about reducing
emission of GHGs at
different times.

Each starts doing various

things to reduce emissions.

As more get serious,
international negotiations
begin to work to coordinate
the several abatement
regimes.

39



If and when we manage...

...to begin to get serious control of GHG emissions
from major emitting countries, my money is on it
happening according to Model 2 (i.e., bottom up).

At that point what will be most needed is clear

evidence of what abatement strategies are most
cost-effective.

It is for this reason that our latest distributed NSF
center is called the Center for Climate and Energy
Decision Making and is primarily focused on finding
ways to decarbonize the energy system.

40



If and when we manage...

...to begin to get serious control of GHG emissions
from major emitting countries, my money is on it
happening according to Model 2 (i.e., bottom up).

At that point what will be most needed is clear

evidence of what abatement strategies are most
cost-effective.

It is for this reason that our latest distributed NSF
center is called the Center for Climate and Energy
Decision Making and is primarily focused on finding
ways to decarbonize the energy system.

For that we primarily need analysis of

cost-effectiveness, not B-C analysis.
41



Here for example...

...are abatement supply curves for residential electricity.
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ABSTRACT: There is growing interest in reducing energy use and emissions of
cbon dixide from the residential sector by deploying cost-eflectiveness energy
efficiency measures. However, there is stil large uncertainty about the magnitude

of the reductions that could be achieved by pursuing different energy effidency s
‘measures across the nation. Using detailed estimates of the current inventory and ™"
performance of major appliances in U.S. homes, we model the cost, energy, and
CO, emissions reduction if they were replaced with altematives that consume less
energy or emit less CO,. We explore trade-offs between reducing CO,, reducing
primary or final energy, or electricity consumption. We explore switching between
electricity and direct fuel use, and among fuels The trade-offs between different
energy efficiency policy goaks, as well as the environmental metrics used, are
important but have been largely unexplored by previous energy modelers and
policy-makers. We find that ovemight replacement of the full stock of major
residential appliances sets an upper bound of just over 710 X 10° tonnes/year of CO, or a $6% reduction from baseline
residential emissions. However, a policy designed instead to minimze primary energy consumption instead of CO, emissions will
achieve a 48% reduction in annual carbon dioxide emissions from the nine largest energy consuming residential end-uses. Thus,
we explore the uncertainty regarding the main assumptions and different policy goals in a detailed sensitivity analysis
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1. INTRODUCTION

Energy efficiency must be an important part of any cost-
effective strategy to curb energy consumption and achieve a
large reduction in the emision of greenhouse gases in the
United States."™"* In the United States, the residential sector
accounts for 37% of national electricity consumption, 17% of
greenhouse gas emissions, and 22% of primary energy
consumption.™™ As shown in Figure SO.1 in the Supporting

(23 quads) in 2035."" There is wide acknowledgment that the
residential sector provides an oppartunity for large energy and
greenhouse gas savings. However, realizing this potential
continues to pose a major challenge, and the following
questions have not yet been definitively answered:
1. Whatis the technically feasible potential for primary and
final energy reductions, carbon dioxide emissions avoided
and electridity consumption reductions that can be

(S1), the largest ib to carbon dioxide derived from energy efficiency investments?
emissions in the residential sector are heating (~360 Mt in 2. What percentage of this technical potential is cost-
2009), hot water (~140 Mt), lighting (~140 Mt), and cooling effective?
iy

(~135 M)

Energy and carbon dioxide emissions savings achieved
through refrigerator and other appliance efficiency standards
suggest that Lurge future savings should be possible’' While
there is no US. federal dimate policy, federal energy legidation
has pursued efficiency goals. For example, the Energy Policy

»

Households, utilities, and govemments have a diverse set
of efficiency technologies to choose from. Given that,
what potential trade-offs exist across differing policy
objectives that have the following goals: primary energy
savings, delivered energy savings, CO; emissions avoided,
and minimiing costs?

Act of 2005"* and the Energy Independence and Security Act
of 2007'° both tightened a number of energy effidency
standards, and $11 billion of the American Recovery and
Reinvestment Act were directed to projects designed to
improve energy efficiency. Yet, despite these and other
developments, the Energy Information Agency (EIA) Annual
Energy Outlook of 2011 reference case scenario, estimates that
total energy consumption in the residential sector will increase
from ~22 X 10" Joules (21 quads) in 2008 to ~24 x10'* Joules

< ACS Publications ~ © 203 Amedcan Chemicad secieny 2502

Clearly, any progres in reducing residential energy demand
will result in a variety of environmental cansequences beyond
changes in the emissions of carbon diaxide. Depending on the
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We've been doing lots of work on...

...understanding how to manage variable and
intermittent renewables:

m Project Team Why Renewables? Contribution blicatio Workshops m

. . The RenewElec project
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Can’t we smooth things
out by connecting win
farms together?

The answer turns out to be "only a little.’

Jay Apt and his students looked first at the wind farms
in Texas (ERCOT).

Then to make sure the results were not specific to just
that region they also looked at data (scaled to hub
height) from airports all across the mid-west.

© 1 Minute ASOS and Hourly Aipot Stes
O__1 Minute ASOS Airport Sites

15 min data
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The variability of interconnected wind plants
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We preent the first frequency-dependent analyses of the geographic smoothing of wind power's
variability, analyzing the intercmnected measured output of 20 wind plants in Texas. Reductions in
varishility occur 2 frequencies correspanding to times shorter than ~24 h and are quantified by
measuring the departure from 2 Kalmogorov spectrum. At 3 frequency of 2.8 x 10~ * Hz (correspanding
01h} an87% reduction of the variability of 2 single wind plant is obtained by in®rcannecting 4 wind
plants. the remaining o ly an additional 8 reduction. We use
step change analyses and correlation cefficients to compare our resulss with previous studies, finding
that wind powesr ramps up Bseer than it down far each of thesep analyzed and
that corrd agion between the power output of wind plants 200 km away i half that of co-located wind
plants To examine wariability  very low frequencies, we estimase yearly wind energy production in
the Creat Plains regon of the Uniesd Rates from automated wind obserations at 3. covering
36 years. The estimated wind power has significant inter-annual varibility and the severity of wind
drought years is estimated to be about half that observed natonally for hydroelectric power.

©2010 Elsevier Ltd. All rights reserved.

1. Introduction

Currently 29 of the United States of America have renewables
portfolio standards (RPS) that mandate inaeasing their percen-
tage of renewable energy, and the lower chamber of the United
States Congress has enacted a federal renewable elearicity
standard (Database of State Incentives for Renewables and
Hficiency, DSIRE, 2009; Waxman and Markey, 2009) Major
electricity markets such as California, New York, and Texas expect
wind to play a large role in meeting their RPS. As a result of the
state RPS i and a federal tax credit
equivalent to a carbon dioxide price of approximately $20/met ric
ton (Dobesova et al, 2005) wind power net generation is
currently experiencing very high growth rates (51% in 2008, 28%
average annual growth rate over the past decade) in the United
States (EIA, 2009).

Wind power’s variability and fast growth rate have led areas
including Cal-I50, FIM. NY-ISO. MISO, and Bonneville power to
undertake wind integration studies to analyze if their systems can

ae signi (5-20%) jons of wind power
(CAISO, 2007; DOE, 2008; EnerNex, 2006; GE, 2008; Hirst, 2002).
Included in each integration study is how wind power variability
can be mitigated with options such as storage, demand resporse,
or fast-ramping gas plants Some system operators are beginning

* Corresponting asthar. Tel: +14123906550; fax: +14122683757.
Email afdress warresdoma ot (W Kame ssasin).

(80142155 see frone marmer © 2010 Elievier L1 AN fghes resenved.
i 90, 016] enpel 2010.08.069

to charge wind operators for costs arising from the integration of
high wind penetration in their system. In 2009, the Bonneville
Power Authority (BPA) introduced a wind integration charge of
$1.29 per kW per month (~Q6¢/ kWh assuming a 30% capacity
factor ), citing reliability risks and subst antial costs encountered in
fulfilling 7% of their energy needs with wind power (BPA, 2009).

Previous studies have shown that interconnecting wind plants
with transmission lines reduces the variability of their summed
output power as the number of installed wind plants and the
distance between wind plants incexses (Archer and Jacobson,
2007; Czisch and Emst, 2001; Giebel 2000; IEA, 2005; Kahn,
1979; Milligan and Porter, 2005; Wan, 2001). Kahn (1979)
estimates the increased reliability of spatially separated wind
plants, writing that “wind generators can displace conventional
capacity with the reliability that has been traditional in power
systems.” Kahn (1979) calculates the loss of load probability
(LOLP) and the effective laad carrying capability (ELCC) of up to 13
interconnected California wind plants.

Czisch and Ernst (2001) and Giebel (2000). in separate studies,
show the correlation between wind plants decreases with
distance. Each concludes wind power varisbility is reduced by
summing the output power from spatially separated wind plants
Czisch and Errst (2001) and Giebel (2000) both find that wind
plant output s are correlated even over great distances (correlation
coeflicient =0

Milborrow (2001) shows a smoothing effect by caleulating the
output power chang acertain time it 1 of
wind plants. He finds the 1-h power swing of 1860 MW of wind

Energy Policy, 38, 4400-4410, 2010.
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And, a reminder that because
something is viewed as "green"...

.we should not assume its impacts are uniform.

PN A

Regional variations in the health, environmental,
and climate benefits of wind and solar generation

Kyle Siler-Evans®, Inés Lima Azevedo™', M. Granger Morgan®, and Jay Apt*®
*Engineering and Public Policy and “Tepper School of Business, Camegie Mellon University, Pittsburgh, PA 15213

Edited by Edward L. Miles, University of Washington, Seattle, WA, and approved May 15, 2013 (received for review December 19, 2012)

When wind or solar displace mnventional generation, the
reduction in emissions varies dramatically across the United smu

in New Jersey displaces significantly more s wudua.mm
oxides, and iting in 15

Results

We cvaluate a Vestas V90-3.0-MW wind turbine at more than
33,000 locations and a 1-kW photovoltaic (PV) solar pancl at marc
than 900 locations acrass the United States. We asume that wind

times more health and environmenta benefits A wind turbine in
West Virginia displaces twice as much carbon dioxide as the same
trbloe in Cafomia, Depanding on locsin, we esimate that e
‘wind or
mmehmsuwnﬁwmmhmsmn
highest energy output do not yield the greatest social benefits in

many ases. wind
{farme are roughly 60% higher than the @t of the Production Tac
(Credit, an important federal subsidy for wind energy. However, that
same investment muld achieve greater health, environmental, and
climate benefits f it were differentiated by region.

externalities | renewable dlectridty | renewable energy policy |
sir pollution

ind and solar power provide health, envionmental, and
dlimatc bencfits by displacing conventional gencrators and
n dioxide (CO2) and cri

nrpdlmxms. which include sulfur dioxide (SO5), nitrogen axides
(NO,), and fine particulate matter (PM, 5). It is natural to think
that the windiest or sunnicst sites will yield the best performance.
However, the reduction in emissions resulting from wind or solar
depends not only on the energy produced but ako on the con-
ventional generators displaced, and that varics dramatically de-
pending on locatian.

Previous mesearch has explored the emissions implications of
rencwable energy (1-7). The US Department of Encrgy cstimates
th achicving 20% wind penctration in the United States would

e €O, emissions by 825 million metric tons by 2030 (1).
Valenteno o al (2) estimate the avoided emissions resulting from
wind energy in Illinois, with a focus on the effects of additional
cydling of conventional power phnlx The study ﬁm: that 10%

13% reductionin NOy, 8% remmm n SOz, and m u% reduction
inPM. Lu ctal. (3 from

and sol. from marginal cleetricity production,
which varics ; regionally and temporally, Damages from CO, emis-
sions are monetized using a social cost of $20 per ton of COz.
Location-specific from SO,, NO,, and PM, 5 emissions arc
adopted from the Air Pollution Emission Experiments and Policy
(APEEP) analyss model, which values mortality from air pollution
at $6 million per life lost (often termed the value of a statstical life)
(8). For more than 1,400 fossitfucked power plants, dollar-per-ton
damage values for cach pollutant are combined with plant-level
cmissions data to etimate the health, environmental, and dimate
damages for cach hour from 2009 through 2011. Finally, we use
regrossions of measured hourly emissions and generation data to
ctimate the reduction in damages that occurs when conventional
genertors are di by wind or solr. To account for regional
differences, regressions are performed scparately for the 22
subregions defined in the Emissions and Generation Resource
Integrated Database (¢GRID). ¢GRID subregions were created
by the US Environmental Protection Agency (EPA) using Power
Control Arcas as a guide. Although not perfect, they provide an
estimate for the group of plants serving loads within a region (9).

Results are presented in Fig. 1. For both wind (Fig. 1 A-C) and
solar (Fig. 1 D-F), we consider three measures of performance:
capxuyhcmr, which is the rmm cm-cannun] energy’ pmdzqnn
to the (Fig. 1
A and D); annual avoided CO: emissions (Fig. 1 B and E); and
annual health and environmental benefits from displaced SO,,
NO,, and PM, s cmissions (Fig. 1 C and F). For consistency, we
provide all results on a per-kilowatt-installed or per-megawatt-
hour basis. All monetary values are in 2010 dollars.

Social Benefits of Wind Energy. From an energy standpoint, wind
turbines perform best in the Great Plains south through west
Texas, where capacity factors can exceed 40%. The wind re-
source is poar in much of the West and moderate in much of the
East. It is also poor in the Southeast, which is excluded from our

30% wind penctration in Texas muld cost approximately $20 per
ton avoided. Kaffine t al (4) estimate the emissions savings from
wind enegy for three regions of the United States. The study

the Upper
cover government subsidics for wind gencration, [while] environ-
mental bencftsn Tezas and Cabfomia{ll o~

owing to data limitations (Fig. S1).

We report two metrics for reductions in CO; emissons—
kilograms of CO; awoided annually and the corresponding social
bencfits, assuming a social cost of $20 per ton of COx Wind
turbines arc mast cffective at displacing CO, emissions when
located in the Midwest, where the wind resource is excellent and

greatlyin
'.hc regions and polhutants covered, and the metrics reported, all of
which prevent meaningful comparisons among studics. This work
provides a systematic ascssment of wind and solar cnergy acrass
the United States We estimate the monetized social benefits re-
sulnrg from cmissions reductions, and we ::ylu:dy comsider rhof’

emissions, and health and emvironmental benefits from displaced
S0, NO,, and PM, 5. In addition, we compare the social bencfits
from existing wind farms with the cost of the Production Tax
Credit, an important federal subsidy for wind cnergy.

woorn 90 orgfegidoiN0 10 73pn . 1221878110
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Expert assessments of the cost of light water
small modular reactors

Ahmed Abdulla’, Inés Lima Azevedo, and M. Granger Morgan
Department of Engineering and Puiic Policy, Camegie Mellon University, Pittsburgh, PA 15213

Analysts and decision makers frequently want estimates of the

Our brains are not ncllcq\lpped to make decisions that in-

Finally, here is g
work on SMRs

A
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cost of have yet to be

Small modular reactors (SMRs), which could become part of a

portiolio of carbon-free energy sources, are one such technology.

Existing estimates of Ikely SR costs ely on problematic top-
that are

Menﬂnnepw'ye elicitations can complement these

approaches. We developed detailed technical descriptions of two.

which we
obtained probabilistic judgments from 16 experts who are in-
volved in, orh, of
SMR projects. Here, we report estimates of the overnight cost and
duration for five scenarios that
involve a large reactor and two light water SMRs. Consistent with
the uncertainty introduced by past cost overruns and construction
delays, median estimates of the cost of new large plants vary by
more than a factor of 2.5. Expert judgments about likely SMR costs
display an even wider range. Median estimates for a 45
electric (MW.) SMR range from $4,000 to $16300/kW. and from
$3.200 to $7,300/kW, for a 225MW, SMR. Sources of disagreement
are highlighted, exposing the thought processes of experts in-
volved with SMR design. There was consensus that SMRs could

valve As cxtensive empirical rescarch
has now shown, we make such L\udylmm using a varicty of
ctxnmv: heuristics that, although they serve us ndequlh:)g:
~to-day scttings, can result in overconfidence and
that leads both l.y people and experts astray when they address
more complex and unusual problems (2, 3). Decision science (4—
8) offers a sct of strategics for improving how we make impor-
tant decisions in the face of uncertainty.

In addressing such decisions, onc should start with the best
scientific, technical, and analytical evidence that is available. How-
ever, because such formal evidence often does not re the full
extent of what 1ts know, in addition to secking int
wmnsca;ﬁnnacm:mmmw;nwmmm

ts from experts who are

umml ilx ‘vlh (hccurran state. d‘ knowls

methods have been used to ainty

lbnux chmll: science (12, 13), the lllq!c!sdcllm change (14—
16), and the health impacts of environmental pollutants (17, 18)
Of course, the same cognitive limitations that arise when we try
to make unaided decisions ako arise when experts attempt to
pmvldc probabilistic judgments (3). Too often, when secking ex-
pert adwice, little or nothing is done to limit overconfidence and

be built and brought online about 2 y faster than large reactors.  reduce bias. Ubiquitous overconfidence (10) and t l':hn:lrmrg

unit y ,and  from cognitive heuristics, such a availability and anchoring and
shorter schedules as factors that may ight wa- (2,19-21), by d. However,
ter SMRs economically viable. welldesigned expert clicitations can e a varicty of strategics to

nudear power economics | tecwnology assessment

ndividuals, companics and other organizations, as well as gov-
ernments, must make important decisions in the face of con-
sidemble un:cnnmy Although we gather what wdmu: e can—
as individuak, we choase where to go to college, who to marry,
lndwhcﬂlcr to have dlidrcn—wc dn this all in the ﬁcc of at lcast
some i Similarly, companics choase to in-
wvest in m-pr new leo\mlqpﬁ, and govemments adopt tax and
licies, without knowing for certain

all the cmscqlmes ihe'l' gmm will have.
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help improve the quality of expert judgments (9-11).

1t clicitation about emerging energy technologics that is
deep oformed by carcful technical analysss is mif‘retm'wly
rare (22). Here, we report the results of applying these methods
to one such technology: integral light water small modular nu-
clear reactors (SMR).

Why SMRs?
Morgan has argued that if aircraft were made and certified one at
a time, in the way nuclear reactors have been built and certified
in the U.S., “many travelers would find the level of safety un-
acceptable and air travel would be much more expensive. . pilots
and mechanics would have to be specially trained to operate cach
aircraft. ..many replacement parts would have to be custom
made. . [and] every time an aircraft experienced a problem
engincers and managers wuuld be unsure how to cxlmpolalc the
lessans to other aircraft...” (23). There is no way to mass
dncc glymnlmcde reactors in the way that Boeing 747s T
rbus A380s are built. However, by adopting pml e design,
m: dlnt could be mass produced in'a factory with high lkevels of
uality control, and s\nP to the field by road, rail, or barge,
1: nuclear industry might begin to look more like the aircraft
istry. Because individual reactors would be smaller, the unit
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wrte the paper.

The authors deciare no conflct of vt

This aticie s 3 PNAS Direct Submission.

107390 2. 1300195 10HDCSu ppiemn L

W prs 0rgigidoi10.10734pn 221300185110

48



Back to 3 and 4

3. Choices by a nation as to whether and how much emissions
abatement to undertake.

4. Choices by a nation as to whether or not to join an
international agreement on emissions abatement.

As | have already argued, | do not believe that using
B-C or similar methods to assess even the marginal
value of the social cost of carbon makes sense.

However, if one framed things in game-theoretic
terms (how much will others do, and in light of that,
how much should | do), | guess | could imagine an
analysis that used B-C ideas, although | am not
persuaded it would be worth the time and effort that

would be required. .



Finally what about...

...Including sea level rise in integrated assessment?

As some of you know, in the early 1990s, Hadi
Dowlatabadi and | built the ICAM model that treated 2000
variables as uncertain and contained multiple switches
that allowed us to explore the implications of alternative
model functional forms. With an early version of ICAM...

...[we found] that the choice of decision rule plays a key role in the
selection of mitigation policies, that given a decision rule, uncertainty
in key variables can make it difficult or impossible to differentiate
between the outcome of alternative policies and that the model
parameters that contribute the most uncertainty to outcomes depend
on the choice of policy, the discount rate and the geographical region
being considered.

Hadi Dowlatabadi and M. Granger Morgan, "A Model Framework for Integrated Studies of the
Climate Problem", Energy Policy, 21(3), 209-221, March 1993.
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With ICAM 2 and 3, we found that...

* We could get an enormous variety of answers
depending on the range of plausible assumptions
we made about the structure of the model and
which regional decision maker one considered.

« Rarely was any policy optimal for all regions.
* Rarely were any results stochastically dominant.

Our work has led us to believe that the first impressions gained from
a 'global commoner' model may confuse more than they clarify. At
the international level, at least a dozen different nations will make
choices which could have significant climate implications. Many of
those choices will not be made by single national decision-making
authorities, but rather through the individual choices of millions of
organizations and individual citizens, and they will be driven by local
interests and conditions. This distributed decision making 1s one of
the most fundamental characteristics of the climate problem.

M. Granger Morgan and Hadi Dowlatabadi, "Learning from Integrated Assessment of Climate Change," Climatic 51
Change, 34, 337-368, 1996.



Doing IA was lots of fun...

...and intellectually very stimulating. We developed lots of
insights which we wrote about in our papers - although it
IS not clear they had much impact.

However, because we found we could get a remarkably
wide range of answers, because different regions often
preferred different policies, and because over time we
became increasingly persuaded that progress would
occur via Model 2 (bottom up) rather than top down, with
the resultant concentrations being an emergent property,
not the result of explicit global policy design, we stopped
and have moved on to work cost-effective abatement and
adaptation.
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For me, the key question is...

...who will do something different and consequential, in
terms of either slowing climate change or moderating
its consequences, as a result of the analyses we do?

LOW HIGH

Studies of:

Alternative
strategies for
adaptation

Alternative
strategies for
abatement

Integrated
assessment of
CC and its

Impacts




End of my talk.

But...
| give the first opportunity to
comment to Hadi Dowlatabadi.
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GHG Management
from the top down.

The key th|ng - Perform an IA in order to

determine the "optimal”

...needed to implement level of abatement.
this model is integrated
assessment that
determines the target.

Thro!'~ .1 international
_otiations get a global

.areement in place that
When Hadi looked at these slides he argued: es that level.

"Because this is a non-marginal change problem

the TA inll be wrong. The driver will b.e the de all ma jor
economics of the system's change and its network _ "

effects. In my view, the change will be driven by s to Sign up and
those who profit, not those who suffer." coordinated policies

to meet that level.
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GHG Management
from the bottom up.

The key th|ng - Different parts of the world

get serious about reducing
emission of GHGs at

...needed to implement
differ~ . times.

this model is emission

abatement supply curves _ _
Q! : ach starts doing various

When Hadi looked at these slides he argued: 3y reduce emissions.

"I think that this will not be driven by the concerns of

GHGs but by energy and economic security. :

Framing this as climate change will continue because ; get SEerious,

we will have periodic reminders in extreme events, onal neg otiations

nqt because we are naive enough.to think j[hat actions work to coordinate

will reduce these severe events - if we believed that,

retreat would be in place right now." 2ral abatement
1cylimes.



If and when we manage...

...to begin to get serious control of GHG emissions
from major emitting countries, my money is on it
happening according to Model 2 (i.e., bottom up).

At that point what will be most needed is clear

evidence of what abatement strategies are most

cost-effective.
When Hadi looked at these slides he argued:

Itis fOr.thIS reason 1 "This 1s not something that will fall out of the
center is called the ( scenario I described above."
Decision Making and is primarily tocused on tinding

ways to decarbonize the energy system.

For that we primarily need analysis of

cost-effectiveness, not B-C analysis.
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End

In developing the ideas discussed in this talk, | have been fortunate to have generous support from the
National Science Foundation (SES-9209783; BCS-9218045; SES-034578; SES-0949710 and others), the
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Foundation, the MacArthur Foundation, the IRGC, Carnegie Mellon University and a number of others.
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