08:30 - 09:15
09:15 -10:00
10:00 — 10:30
10:45 - 11:15
11:15-11:45
11:45-12:30
12:30 - 13:30
13:30 — 13:55
13:55 - 14:05
14:05 - 14:30
14:30 - 15:10
15:10 - 15:40
15:40 - 16:00
16:00 — 16:45
17:45-17:00
17:00 - 17:30

Plan for the day

Overview of >25 years of HDGC, CDMC and CEDM - Granger Morgan

Uncertainty in energy efficiency, Part 1: technologies, strategies, behavior and policy — Inés Azevedo
Uncertainty in energy efficiency, Part 2: technologies, strategies, behavior and policy — Alex Davis

Coffee break

Decision support for implementing the EPA Clean Power Plan Proposed Rule — Jeff Anderson

Marginal emissions factors, health and climate change co-benefits and trade-offs - Inés Azevedo

Lunch break

Insights from twenty years of work on expert elicitation and projections — Granger Morgan

Transitioning to a low carbon economy, Part 1: Insights from the RenewElec Project — Granger Morgan
Transitioning to a low carbon economy, Part 2: Insights from ITC and BC’s Climate Policy — Hadi Dowlatabadi
Strategies for supporting investment decisions about large energy infrastructure in the face of regulatory and other
uncertainty — Dalia Patifio

Coffee break

Reflections on Research and Governance wrt Albedo Modification — Granger Morgan

Insights From Our Experience in Building and Using ICAMs — Hadi Dowlatabadi

Muddling through on climate policy: good, but not good enough to avoid the risk of dead ends — Granger Morgan
Discussion and round table on what investigators in CEDM might best work on in the next several years to be
most useful to the IA and energy modeling communities.
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Under HDGC we...

.we took a look at albedo modification

Eos, Transactions, American Geophysical Union, Vol. 73, No. 27, July 7, 1992, Pages 289, and 292-293.

A Serious Look at
Geoengineering

David W. Keith and Hadi Dowlatabadi

Possible responses to the problem of an-
thropogenlc climate change fall into three
categories: abatement of human im-
paas by reducing the climate forcings, adap-
tation to reduce the impact of altered cli-
‘mate on human systems, and deliberate
mtervemuon in the climate system to change
anthropogenic forci
geoengmeermg Recent reports from the Na-
tional Academy of Sciences [1991] and the
Office of Technology Assessment [1991]
aimed o provide a comprehensive look at
possible responses to climate change. While
lhzy included geoengineering options,
failed to consider them systematically. We
present the beginnings of a more systematic
analysis and urge a balanced research pro-
gram on geoengineering.

We define geoengmeenng as actions
taken with the primary goal of engineering
(controlling by application of science) the
climate system. Geoengineering is the delib-
erate manipulation of climate forcings in-
tended to keep the climate in a desired
state, in contrast to abatement, which re-
‘duces anthropogenic forcing.

‘Speculation about geoengineering dates
to the beginning of the century when Arrhe-
nius [1908] suggested that burning fossil
fuels mxgm help plw!l!l lhe comms ice age.

for ineer-

ng we-e sul mmamed by D_fson and Marland
[1979]. Since then, increased concern about
climate change has generated more nm
ture, but no systematic research prog
emerged. For example, the OTA lepoﬂ has a
cursory discription of two geoengineering
opnom with no contextual discussion. The

NAS report contains a more substantial re-
view, although it has significant technical
omissions. Neither pnmdes a basis other
than cost for comparing the options nor in-
cludes a discussion of the relationship be-
tween geoengineering and abatement.

We do not advocate geoengineering, but
we offer these justifications for a more sys-
tematic evaluation of geoengineering op-
tions.

@ Geoengineering may be needed if
mate change is worse than we expect. That
i, geoengineering could serve as fallback
technology—one that puts an upper bound

David W. Keith and Hadi Dowlatabadi, Department
ofEngineerng and Publc Poliy, Carnegie Mellon
University, Pittsburgh, PA 15213-3890

Copyright 1992 by the
American Geophysical U
0096/3041/7357/92289/501.00.

on the worst case, thereby allowing more
confidence in pursuing other policy options.

@ It seems very unlikely that world green-
house gas (GHG) emissions can be kept be-
low —-40% of 1990 levels—a prerequisite for
averting climate change in the long term
[Houghton et al., 1990).

Doubt about the prospects for coopera-
tive abatement of global GHG emissions is a
pri reason to consider geoengineer-
ing, whose implementation requires fewer -
cooperating actors than abatement. Thus,
geoengineering fills a unique niche because
of its pownlial to mitigate catastrophic cli-
‘mate change.

To act as a fallback sluleg' geoengn
neering must be more certain of effect, faster
to implement, or provide unllmlled mitiga-
tion at fixed marginal cost. Our definition of
“fallback strategy” s an extension of the

"badmop technology” used in energy

sis for a technology providing

unlmuled energy at fixed (usually mgn) mar-
ginal cost

The exlslznoe of a fallback is critically

important, as it allows more confidence in
chooslng ‘a moderate response strategy.
Moderate responses are difficult to imple-
ment when catastrophic consequences are
possible from weak anthropogenic climate
forcing. Fallback strategies permit moderate

responses to
that should these prove inadequate, an alter-
native mitigation omlon is available. We ex-
amine a range of geoengineering techniques
to gauge their suitability as fallback strate-
gies.

Examples of Geoengineering
Techniques

nglneering affects climate by altering
luxes through one

absorbed solar radiation through an increase
in albedo.

‘Three examples of the first strategy,
which remove CO, from the atmosphere, are
direct deep-ocean disposal, ocean-surface
fertilization, or afforestation. For the second
strategy, we discuss albedo modification by
placm! solar shields in Earth-orbit, or by

ing aerosol concer ions. Our five
cnsesmchosenlosuxvey!eoewmnms
wide range of risks and costs. With the ex-
ception of direct ocean disposal and affores-
tation, these schemes have the theoretical
potential to mitigate the full effect of anthro-

Gt of CO, equivalent /yr

Fig. 1. Marginal cost of mitigation versus total mitgation for the United States. The lower
axis is the total mitigation in Gt oloo, equivalent. The costs olgeoeng ineering are given by

two curves: A, CO, injection; and

G, C;, and C; represent a range of

solar shields. Curves
mitigation costs. oo: accounts for about half of the global-warming potential of US. emis-
b G concentrations requires about a 60% emissions cut, for example, ~6
lenl per year for the United States. The marginal cost of deep-ocean disposal

Gt CO, eq
al oo) (A) is taken from Golomb et al. [1989). Its applmmon is limited to the total amount

of CO; currently released by centralized faci

The solar shield costs (B) are assumed to

be $10/t with an initial capital cost of 10% oflhe full cost. The costs of abatement (C) are
lower bran is from

taken from the NAS report. The

the “technical costing method” and

was generated using a linear fit to the mmpmm data in Figure 11.1 of the NAS report. The

per branch (c,) is from the “economic modeli
polynomial

ling method" (Figure Q2) using a quadratic

Annu. Rev. Energy Environ. 2000. 25:245-84
Copyright © 2000 by Annual Reviews. Al rights reserved

GEOENGINEERING THE CLIMATE:
History and Prospect!

EOS, 1992

David W. Keith
Department of Enginering and Public Policy, Carnegie Mellon University,
Pittsburgh, Pennsylvania 15213; e-mail: keith@cmu.edu

Key Words climate change, weather modlﬁcauun mitigation, earth systems
engineering, i history

-Abstnu:t (‘ ineering is the i i larg il i ion of the
that is intended to reduce undesired anthro-
pogenic climate change The posl war rise of climate and weather modification and
the hlstory of U.S. assessments of the CO,-climate problem is reviewed. Proposals to
engmeer the climate are shown to be an integral element of this hlsf.ory Cllmar.e en-
gineering is reviewed with an is on recent 1

space-based scattering systems for altering the planetary albedo, simulation of the
chmame 's response to albedo modification, and new findings on iron fertilization in

There is a i of human to the climate problem
that vary in to hard g ineeril schemes such as space-based mmors
The distinction between ineering and mitigation is therefore fuzzy. A
is advanced that clanﬁes the distinction between ing and industrial car-
bon of ineering is reviewed under various framings

including economics, risk, politics, and environmental ethics. Finally, arguments are
presented for the importance of explicit debate about the implications of countervailing
measures such as geoengineering.

CONTENTS

1. INTRODUCTION ... ttttteiteiitiieenneeneanneaeannennenns
2. DEFINING GEOENGINEERING ......
2.1 Etymology and Definition.........
22 Gt i and Carbon

'Acronyms used in text: COM, Cost of Mitigation; FAR/SAR/TAR, Fi /Third
Assessment Report of the IPCC; FCCC, Framework Convention on Climate Change;
ICM, Industrial Carbon IPCC, Inter-Gov Panel on Climate
Change; MIT, Institute of NAS, National Academy of
Science; NASA, National A ics and Space A ion; NSF, National Science
Foundation; WG, Working Group.
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And then,
because it
appeared to
be so cheap,
imperfect, and

tempting, we
decided to
focus our work
on abatement
& adaptation




But as time went on..

...and nobody was getting serious about
abatement, we grew concerned that the
diplomatic community was almost
completely unaware of SRM. In 2008 we
organized a workshop at the Council on '
Foreign Relations in Washington, DC. e o

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.

The Geoengineering Option To extend the conversation to a more
A Last Resort Against Global Warming? international group, we ran a second
David G. Victor, M. Granger Morgan, FJay Apt, WorkShOp In Aprll 2009 N LISbon,
Fobn Steinbruner, and Katharine Ricke P 0] 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, sealevels 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 SOU rce: COU nC” on Foreign Re|ations

thawing permafrost could release huge amounts of additional green-




The Lisbon Workshop...

...was hosted by the Ministry of Science,
Technology and Higher Education of

the Government of Portugal. The two-day workshop
was held at the facilities of the Gulbenkian
Foundation.

= L e P
Co-sponsors included: IRGC, CMU-CDMC, U Calgary. Participants came
from N. America, EU, China, Russia, and India.

Sources:
Gulbenkian & Qian Yi




Some subsequent events... 2

Sept. 2009: The  March 2010: The| s

of the Royal risk governance

Society' s reporton  at the Asilomar A 4
Geoengineering conference on Nov 2010 IRGC

2010

geoengineering opinion piece on

governance

1 March 2010:
Testimony to a joint
session of the U.S.

~ House Science

y Committee and the AUgUSt 2010 FirSt mUIti'

Science Committee  university summer study

June 2009: U.S.
NRC workshop on
geoengineering

of the UK program for graduate
Parliament students on geoengineering
held at Heidelberg.
Srepeie i s e sy % March 2010: R &

Evening briefing

to CFR %



2011

October 2011:

U.S. research workshop on managing
March 2011:
SRMGI Kavli Center ‘ knowledge
. : .l | | " . o
oot May 2012:
: " paaaa\SE e DC CIT event
‘ 5, June 2011: Lima IPCC expert Lo X
NG MuLe twms meeting on geoengineering

January 2011: La Jolla
IGBP workshop
on ecosystem
impacts of
eoengineerin o
g g g = >
Paper now in press f F =¥ |
at AMBIO L

J=5
'v
g

August 2011:

Second multi-
university summer L
study program for Fhunder o

graduate students
and other young
investigators held
at Banff




SRM...(Cont.)

Needed: Research Guidelines

Management

As this a zppma h 1o geoengineering gains attention,

to understand how it might work and what dangers
it could present

ide (CO) and oth

M. GRANGER MORGAN

Start research on
climate engmeermg

Jane C. S].ﬂqg rmku-;mdu Granger Morgan.
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for Solar Radiation

will make it possible

ime, andbe-

ever more apparent.

time soon,

of magnitude.

Oty nonier et pobily ot warming

remote than ever.

“The te manage
R usd s mmmamm.ma.

and oxides of mirogen, ate reduced,mprovements occur  in space by ut s couple of percetage pini n purare

GHGs.

decades or centus

appear
Once emitted, they

here. Thi
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Farther, there is inertia in th

rth

sothe bout whether SRM could

cool the planet.

e

ttobe felt i
and its largely adverse consequences, global emissions of

temperature drops. When Mount Pi b

wma

NGOz 37

ko il b b e

March 2014: Harvard
workshop on research

Mar/Apr 2014: EDF/CMU
workshop on research
governance

EDF&

ENVIRONMENTAL
DEFENSE FUND®

Finding the ways that work
EDF meeting to
brief foundations

LIMATE
INTERVENTION

g Sunlight to Cool Earth




While there is...

...a great deal of
uncertainty about
stratospheric SRM, 1n

2010 David Keith, Ted
Parson and I argued in

Nature that three things
are pretty certain:

“Solar-radiation
management has three
essential characteristics:
itis cheap, fast and
imperfect.”

OPINION

Vol 463(28 January 2010

Research on global sun block needed now

Geoengineering studies of solar-radiation management should begin urgently, argue David W. Kelth, Edward
Parson and M. Granger Morgan — before a rogue state takes action.

he idea of deliberately manipulating

Earth's energy balance to offset human-

driven climate change strikes many as
dangerous hubris. Solar-radiation manage-
ment (SRM), a proposed form of ge
ing, aims to reduce Earth’s absorption of solar
energy by, for example, adding light-scattering
aerosols to the upper atmosphere or increas-
ing the lifetime and reflectivity of low-altitude
clouds. Many scientists have argued against
research on SRM, saying that developing the
capability to perform such tasks will reduce
the political will to lower greenhouse-gas
emissions. We believe that the risks of not
doing research outweigh the risks of doing it.
Solar-radiation management may be the only
human response that can fend off rapid and
high-consequence climate impacts. Further-
more, the potential of unilateral deployment
of SRM poses environmental and geopolitical

but unlikely possibility that climate is much
more sensitive than expected to rising green-
house gases, or against extreme impacts such
as major ice-sheet collapse. Because of the high
level of uncertainty, even cutting emissions by
an order of magnitude cannot ensure climate
effects are held at acceptable levels.

‘These qualities make SRM a promising tool
against climate change. But it is vital to remem-
ber that a world cooled by managing sunlight
will not be the same as one cooled by lowering
emissions. An SRM-cooled world would have
less precipitation and less evaporation. Some
areas would be more protected from tempera-
ture changes, creating local ‘winners’ and ‘los-
ers. SRM could conceivably weaken monsoon
rains and winds. It would not combat ocean
acidification or other CO,-driven ecosystem

SUMMARY

eFleld testing Is required to
understand the risks of solar radiation
management (SRM)

e Linked activities must create norms
and understanding for intemational
governance of SRM

o If SRM Is unworkable, the sooner we
know, the less moral hazard It poses

brighten marine clouds. Such tests can be
small: rel tonnes, not of
material.

Dearth of data
Decades of upper atmosphere research — such
as that done to investigate the effect of super-

changes, and would i duce other

mental risks such as delaying the recovery of

risks which can best be managed by developing  the ozone hole. Initial studies’ suggest that
widely shared knowledge, risk assessmentand  known risks are small, but unanticipated risks
norms of governance. remain a serious underlying

SRM has three essential “Solar-radiation concern. If the world relies
characteristirs- ** " _cap, solely on SRM to limit warm-
7 wuu imperfect. Lo:g managem hasthree ing,‘ylhese problems will
established estimates show  @sSential characteristics:  eventually pose risks as large

that SRM could offset this itis dmfast“ as those from uncontrolled
century’s global-average - emissions.
temperature rise more than imperfect. To posit a binary choice

100 times more cheaply

than achieving the same cooling by emission
cuts. A few grams of sulphate particles in the
stratosphere could offset the radiative forcing
of a tonne of atmospheric carbon dioxide. At
about US$1,000 a tonne for aerosol deliver,
that adds up to just billions of dollars per - car.
This low price tag is attractive, but it » .ses the
risks of single groups acting alone _sd of facile
cheerleading that promotes e _asive reliance
on SRM.

Highleverage
SRM could alte che global climate within
months — 37 Laggested by the 1991 eruption
of Moun’ 1natubo, which cooled the globe
about 7 5°Cin less than a year by injecting sul-
pb’ . into the stratosphere. In contrast, because
A the carbon cycle’s inertia, even a massive
of emission cuts or CO, 1
vnll take many decades to slawgiobal warm-
ing discernibly. SRM's speed provides strong
grounds to pursue it as a hedge against the real

426

between SRM and cutting

emissior” .reates a false and dangerous dichot-
omy - like previous suggestions of a binary
cF _ece between mitigation and adaptation. A
prudent climate strategy requires adaptation
and deep cuts in global emissions. We must
develop the capability to do SRM in a manner
that complements such cuts, while managing the
associated environmental and political risks.

The path through this thicket involves two
activities that must both begin unmedmely
a (szully designed, inc
and inter of SRM msean:h
and linked activities to create normsand under-
standing for international governance of SRM.

Research so far has largely consisted of a
handful of climate-model studies, using very
simple parameterization of aerosol microphys-
ics. More complex models should be devel-
oped, and linked to global climate models.
Field tests will be needed, such as generating
and tracking stratospheric aerosols to block
sunlight, and dispersing sea-salt aerosols to

SOnic p nger aircraft — has produced a mass
of relevant science. But, except for a recent,
small Russian test, there have been no field tests
of SRM. Until now, there has been essentially
no government research funding available for
SRM anywhere in the world; although a few

for gy ing have begun in
ﬂxmfwmmmmmwmmhlhu-
ards of SRM cannot be assessed without know-
ing the specific techniques that might be used,
and it is impossible to identify and develop
techniques without field testing,

It is often assumed, for example, that a suit-
able distribution of stratospheric sulphate
aerosols can be produced by releasing sul-
phur dioxide in the stratosphere. In fact, new
simulations® of aerosol physics suggest that
the resultant aerosol size distribution would
be skewed to large particles that are relatively
ineffective. Several aerosol compositions and
delivery methods may offer a way around this
problem, but choosing between them and
quantifying their environmental effects will
require in-situ testing. NASA’s ER-2 high-alti-
tude research plane might be used to release
aerosols into the stratosphere, and fly through
the plume to assess the effects. Such tests take
years to plan and cost millions of dollars.

It would be reckless to conduct the first large-
scale SRM tests in an emergency. Experiments
should expand gradually to scales big enough
to produce barely detectable climate effects and
reveal unexpected problems, yet small enough
(of the order of hundreds of kilotonnes) to limit
risks. The ability to detect the climatic response

9




Cheap, fast and imperfect

Cheap: 0.0002% to 0.2% of world GDP/year
versus 0.4% to 5.5% of world GDP/year

A5 -

Fast: A few months.

Aerosol Opitca

Thickness
o
wv

Temperature
Change (°C)

Imperfect: A long list

Source: Novim report, 2009, p. 14
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Some bottom lines:

* Given the slow pace at which the world is making progress
on reducing emissions we need to start serious research
now on strategies for stratospheric albedo modification,
this because.

 Someone might engage unilaterally and we need to
know the risks
* |In an emergency the world might need to do a bit.

* Research will have to include some small scale atmospheric
studies that have negligible impact.

e U.S. federal agencies should take the lead on developing a
model “code of research governance best practice.” The
U.S. should then press other nations to adopt similar rules.



M. GRANGER MORGAN
ROBERT R, NORDHAUS
PAUL GOTTLIER

We spelled out
these arguments...

..in a paper in Issues in
Science and Technology.

Needed: Research Guidelineg

for Solar Radiatjop
Management

As this approach to geneng[neen’ng gains attentigp,
a coordinated Plan for reseqpp, will make jt Possible
to understand hoy, it might work qna what dangers
it could present

back

couple of Percentage pointg jp order to

! uickly djs- offset the Wﬂpﬂaumiucraasecausedbrrisingannosphmc

Atmosphere, This j not true for GHGS, Concentrations of CO:and other GHGs. Of thege strategies,

Once emitteg, they remain i the atmosphere for many  the one thyy Appears to be mgst affordahle ang most capa-
5 OF Centuries, Ag 5 result, to stabilize atmospheric 3120( beingquicklyimplemmed invulvesinjectingnmllre-

et to be felt. If the Planet is i aypig Serious climate change Jects tons of material intg the stratosphere,
and jts largely adverse Consequences, global eMmissions of

SPRING 2013 37




Code of research governance
best practice

In parallel with, or even before, developing a full research

agenda, there is a pressing need to develop a code of best SRM

research practices.

This code will need three components.

1. Guidelines to provide open access to SRM knowledge by making
research results available to decision makers and the public.

2. Delineation of categories of field experiments that are unlikely to
have adverse impacts on health safety, or the environment (that
is, experiments conducted within an agreed-upon “allowed
zone” of experimental parameters and expected effects on the
stratosphere.)

3. agreement that no field research will be conducted outside the
allowed zone before a clear national and international

governance framework has been developed.
13



Code of research governance
best practice

Code needs to: A.

e define what counts as SRM -
and what constitutes SRM |z
research;

* Define activities that should ...... / \ -
be subject to a requirement = S
of prior notification; y oo

e Spell out what is covered by
open access;

* Define an “allowed zone.” x " N




We need to be very careful...



We need to be very careful...
...we've only got one planet.

Ve YT e e

e e

Source: NASA



End



Backup slides on
cheap, fast and imperfect
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1. Cheap



The cost of GHG abatement

Today, the world is emitting about 50x10° tonnes per year CO,-eq
(of which about 30x10°is CO,)

The IPCC 4™ assessment says:

"Modelling studies show that global carbon prices rising to US$20-80/
tCO,-eq by 2030 are consistent with stabilisation at around 550ppm CO,-eq
by 2100. For the same stabilisation level, induced technological change

may lower these price ranges to US$5-65/tCO,-eq in 2030."

(50x10° tCO,-eq)(5 to 65%$/tCO,-eq) = 250 to 3300x10° $/year
The size of the global economy is of the order of $60x10!?

0.25 to 3.3x1012 $/year
60x10'? $/year

— | 0.4% to 5.5% of world GDP/year

20



...a few million tonnes
per year would be
sufficient [to offset
warming]...
anticipated...over the
next half century...[this
could be done] for less
than S8B per year.

OPEN ACCESS

10P Puasizemve Eav mosaveNTA L Rz mew Lirnes
Fmveon. Res Lew 7 (2012) 034019 (3pp) dot 10.1088/1748-9326/7/3034019

Cost analysis of stratospheric albedo
modification delivery systems

Justin McClellan', David W Keith” and Jay Apt*
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2 School of Engincering and Applied Sciences and Kennedy School, Harvard University, Pierce Hall,
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Abstract
We performengineering cost analyses of systems capable of delivering 1-5 million metric
tonnes (Mt) of albedo modification material to altitudes of 18-30 km. The goal is to compare a
range of delivery systems evaluated on a consistent cost basis. Cost estimates are developed
with statistical cost estimating relationships based on historical costs of aerospace
development programs and operations concepts using labor rates appropriate to the operations.
We evaluate existing aircraft cost of acquisition and operations, perform in-depth new aircraft
and airship design studies and cost analyses, and survey rockets, guns, and suspended gas and
slurry pipes, comparing their costs to those of aircraft and airships. Annual costs for delivery
systems based on new aircraft designs are estimated to be $1-3B to deliver 1 Mt to 20-30 km
or $2-8B to deliver 5 Mt to the same altitude range. Costs for hybrid airships may be
competitive, but their large surface area complicates operations in high altitude wind shear,
and development costs are more uncertain than those for airplanes. Pipes suspendad by
floating platforms provide low recurring costs to pump a liguid or gas to altitudes as high as
~~20 km, but the research, development, testing and evaluation costs of these syseems are high
'od carry a large uncertainty ; the pipe system’s high operating pressures and ®nsile strength
uirements bring the feasibility of this system into question. The costs for rockets and guns
ignificantly higher than those for other sysiems. We conclude that (a) the basic
w \ogical capability to deliver material to the stratosphere at million tonne per year rates
exists . Hay, (b) based on prior literature, a few million tonnes per year would be sufficient to
alter radiative forcing by an amount roughly equivalent to the growth of anticipated
greenhouse gas forcing over the next half century, and that (c) several different methods could
possibly deliver this quantity for less than $3B per year. We do not address her the science of
aerosols in the stratosphere, nor issues of risk, effectiveness or governance that will add to the
costs of solar geoengineering.

Keywords: geoengineering, albedo modification, solar radiation management, high-altitude
aircraft

[E] Online supplementary data available from stacks.iop.org/ ERL/7/03401 % mmedia
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The cost of geoengineering

A National Research Council 1992 report estimated the
undiscounted annual costs for a 40-year project to be $100-billion.

Teller, Wood and Hyde have suggested that well designed systems
might reduce this cost to as little as a few hundred million dollars

per year.

If we take cost to be between $100-million and $100-billion per year

0.1-100 x10° $/year

0.0002% to 0.2% ot world GDP/year

50x10'% $/year

22



Bottom line on cost

It 1s probably safe to assume that the direct
monetary cost of geoengineering would be at
least 100 times less than the cost of a full

program of GHG abatement...

...and perhaps even cheaper than that.

23



2. Fast
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Experience with...

..large volcanic explosions make it clear that
coohng can be very rapid.

'Lhe Mt. Pinatubo expleswn

15 -

~ Eruption
10 - F
.05 -

Aerosol Opitcal
Thickness

00 /——— T — T — T T — I T |

0 Observed
os M

08 ———

Figure source: NASA and IPCC.
Source: Novim report, 2009, p. 14
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Temperature effects of doubled CO,

2xCO,

-1 0 1 2 3 4 5 6 7
Temperature change ( °C )

Caldeira and Wood, 200820



Temperature effects of doubled CO,
with a uniform deflection of 1.84% of sunlight

Global 1.84

Temperature change ( °C )
Caldeira and Wood, 20082 /



1.3 =11

Precipitation effects of doubled CO,
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Temperature effects of doubled CO,
with a uniform deflection of 1.84% of sunlight
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That handles
cheap and fast

Now let's consider impertect
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It we change albedo a little...

...to cool the planet, what else might happen?

Possibilities include:

e Impacts will not be uniform. Some places will
change more than others (but all probably closer to
present climate than a very high CO, world).

* Precipitation patterns will shift (of course, that 1s
also happening under climate change).

* Changes 1n terrestrial ecosystems due to higher
CQO,, change 1n precipitation.

e Continued and growing impacts on the oceans as
they take up more and more CO.,.

e Particles in the stratosphere can provide reactive
surfaces that might contribute to the destruction of
the ozone layer.



For more...

...on the policy and
risk governance
1ssues in SRM go to

"publicatiOnS " at: An Opinion Piece for IRGC
Cooling the Earth Through
WWW IRGC Ol’g Solar Radiation Management:

The need for research and an
approach to its governance

M. Granger Morgan

Katharine Ricke

Department of Engineering and Public Policy
Carnegie Mellon University

ww®drgc.org/IMG/pdf/'SRM_Opinion_Piece_web.pdf

intemnational risk governance council






