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What’s the average temperature of the earth?

Image source: NASA
The average surface temperature of earth is ≃ 60°F
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(395+44)/2 ≃ 220°K or about - 64°F (actually more like 0°F)  
The average surface temperature of earth is ≃ 60°F

What’s the average
temperature of the
moon? Temperature here

is about 250° F  or
about 395° KTemperature here

is about -380° F or
about 44° K

Image source: Wikipedia commons
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The average surface temperature of Venus is ≃ 860°F

What’s the average
temperature of
Venus?

Image source: NASA
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Sun-earth system

About 30% of the light energy
that comes to the earth from the
sun is immediately reflected back
into space…

…and about 70% is absorbed by
the atmosphere and the ground.

10030

70

If it just kept being absorbed, the
earth would heat up and we'd all fry.
To stay in balance that energy has to
get radiated back into space…
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But…
…while the atmosphere
is transparent to visible
light, it is opaque to heat
because infrared is
absorbed by water vapor,
carbon dioxide (CO2)
and other "greenhouse
gases".
So heat energy gets
trapped, and the planet
warms.
This is termed the
"greenhouse effect."

Source: Friskin, EOS, 1971.
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Sun-earth system…(Cont.)

10030

70

Because of this "greenhouse"
warming the earth is 33°C
(60°F) warmer* than it would
otherwise be.

70

At that warmer
temperature, an
equilibrium is reached
and the same amount
of energy is radiated
back to space from the
top of the atmosphere.

*About  32°C (57°F) of this warming is due to water vapor.  The rest is due to ozone,
carbon dioxide, and several other naturally occurring greenhouse gases.
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…move energy from the
equatorial region toward the
poles - about half of the energy is
carried by the atmosphere half by
currents in the ocean.

Source: UNEP

Source: NASA

The atmosphere and ocean…
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Atmospheric CO2
concentration since 1960

Dave Keeling

Source: SIO and NOAA (Forest Mims)
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You can see this
trend at stations
all over the world

To look yourself, do a web search 
for "carbon tracker"
Then click on

Source: NOAA
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There is…
…clear evidence that over
geological time, as the
concentration of CO2 has gone
up and down, the temperature of
the earth has also gone up and
down.

Sources:www.globalchange.umich.edu, Todd Sowers, figure redrawn from Petit et al., 1999.

Thousands of years ago
400 300 200 100

Temperature

CO2

Dust
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And more recently…
…as we humans keep adding
CO2 and other "greenhouse
gases" to the atmosphere the
average temperature of the
earth has been going up.

You probably have all seen the
basic plots.

Source: IPCC WG1 2001.

This is all rather abstract…let me
make it more concrete…
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Consider

Sources: www.industcards.com/ st-coal-usa-pa.htm and www.battelle.org.  Calculations by Jay Apt.

…the Bruce Mansfield
power plant (2360 Mw) located
on the Ohio River, just west of
of us here in Pittsburgh, PA.

A plant this size
burns the
equivalent of
about 230 100T
hopper cars of coal
every day.

If coal were pure carbon, that would be the same as taking 130
such cars, converting them into invisible CO2 gas, and releasing
them into the atmosphere every day.
Hundreds of plants like this are operating all over the world.
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CO2 is not like conventional
air pollutants
Conventional pollutants like SO2 or
NOx have a residence time in the
atmosphere of just a few hours or
days.  Thus, stabilizing emissions
of such pollutants results in
stabilizing their concentration.

time time

This is not true of carbon dioxide.

time time

When CO2 is emitted much of it
lasts in the atmosphere for ~100
years.  Thus, stabilizing
atmospheric concentrations of CO2
will require the world to reduce
emissions by something like 80%.

time time



15

A useful analogy is…

…a bath tub with a very large faucet and a much smaller
drain:
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What about uncertainty?
There is no uncertainty about whether CO2 and other greenhouse
gases (GHGs) are warming the planet and changing the climate.
Talk about uncertainty about these issues is largely the result of
intentional obfuscation by economic interests.
There is uncertainty about:

• How much more GHG humans will add to the atmosphere
over the next century;

• How much additional warming those additions will produce;
and

• The details of many of the changes that will result:
• In climate, weather and the oceans
• In natural ecosystems
• In human activities (agriculture, water, etc.).
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How much warming will
occur as we add CO2?

We’ve conducted two studies with experts.  The first was in
the early 1990s.
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Estimates by 16 experts of
the amount of warming if
CO2 were doubled and
then held constant.
(Source:  Morgan and Keith, ES&T, 1995).



18

2nd study in 2008-9

 

Three “forcing scenarios”:

Kirsten Zickfeld, M. Granger Morgan, David Frame and David W. Keith, "Expert Judgments About Transient
Climate Response to Alternative Future Trajectories of Radiative Forcing," Proceedings of the National Academy
of Science, 107, 12451-12456, July 13, 2010.
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Probability of a
basic state change
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Summary of
PDFs in ΔT
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Climate sensitivity

 

Probability
allocated to
values
above 4.5°C
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Climate impacts on the AMOC
Present state and future fate of the Atlantic meridional
overturning circulation as viewed by experts.
K. Zickfeld , A. Levermann, T. Kuhlbrodt and S. Rahmstorf
Potsdam Institute for Climate Impact Research
G. Morgan
Carnegie Mellon University
D. Keith
University of Calgary

Source: UNEP
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Transient
response

2xCO2

4xCO2



24

Probability
of >90%
collapse
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If the "conveyor belt" shuts down…

Sources: Google Earth; Great Dixter; Sheffield Park; Sissinghurst; Battle Harbor; and geocities.com

51°N51°N
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That brings us
to the second part of the talk

Impacts from climate change
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Drought, extreme events, pests and fires

Sources: droughtmonitor.unl.edu; ag.arizona.edu; weadapt.org; majikphil.blogspot.com

➧
➧

➧

➧
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We can’t say that any single event…
…is caused by climate change.
However, what scientists have
begun to do is compare the
past probability of such events
to the frequency with which
they are now occuring and in
many cases they can show that
this frequency is going up.

Available at:http://journals.ametsoc.org/doi/pdf/10.1175/BAMS-D-12-00021.1
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Warming will be…

Source: NOAA

Sources: U.S. National Assessment, Polar Bear International and
NOAA

…greatest at the poles. The extent of
summer polar sea ice is already
decreasing.

Many models suggest the Arctic
Ocean will be ice free by 2100.
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And lest you think
this is only…
…the concern of
climate scientists and
environmentalists:
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Arctic sea ice

Overland et al, EOS, 2008 May 6
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While the Arctic is vulnerable, so too are…

Small island states and coastal estuaries

Mangroves

Alpine meadows

Coral reefs
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Sources: US National Assessment

…as well as continental ecosystems
that many of us hold dear
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As water warms it expands…
…so both for this reason, and because of melting glaciers,
global warming will also produce sea level rise.

Source: IPCC WG1 2007.
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Many past estimates
of sea level rise are probably too small…
…because studies of Greenland suggest that it is melting
more quickly than previously thought.

Source: NASA

All Greenland ice = 23
feet of sea level rise!
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Source: Figure done by Jared T. Williams for  Daniel Schrag of
Harvard who holds the copyright.  Reproduced with permission.
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Source: Figure done by Jared T. Williams for Daniel Schrag of
Harvard who holds the copyright.  Reproduced with permission.
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Acidification of the oceans
Roughly a quarter of all the CO2 we put into the
atmosphere ends up in the oceans.

Today the oceans are about 30% more acidic
than they were before the industrial revolution.

Source: Doney et al., Annual Reviews of Marine Science, 2009
40
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This is already causing serious problems…
…for commercial oyster growers
in the Pacific North West…

Sources: Science 2012 July 13; Fish and Fisheries, 2011.

…soon it could lead to
widespread malnutrition
in low income coastal
populations:
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Acidification probably also means…
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…the demise of most coral reefs and the ecosystems
they support by the end of this century.

375ppm +1°C 450-500ppm +2°C >500ppm >3°C
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Overview of impacts:

Source: IPCC WGII, 2007.
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Finally…
…it is important to remember that, in many cases, factors
other than climate play a more important role.

A good example is that of public health and vector-born
diseases such as malaria and dengue.

Source: US National Assessment

Health impact from heat
are an example where
adaptation is important.
Once a city adapts to
heat, deaths go way down
(e.g., Atlanta or Phoenix
vs Chicago).
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This brings us to the third
part of this talk:

What can we do about it?
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Despite the growing interest…
…in renewable and low carbon energy
sources, the world still makes most of its
electricity from coal, natural gas and
other fossil fuels:

The World:
(16,650)

fossil
fuels

hydro

nuclear

renewables

(109 Kw-h in 2004)
Source: For data in these and later pie charts is US EIA
http://www.eia.doe.gov/emeu/international/electricitygeneration.html
Map from www.vr3.co.uk 
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The US

Coal 51.2%
Gas 16.6%
Oil 3.1%

Nuclear 19.9%

Hydro 7.2%

Geothermal 0.34%
Wind 0.28%
Solar 0.01%

Age of coal plants in years
0 10 20 30 40 50 60 70

4000

8000

12000

16000

0

Most 
U.S. coal
plants
today 
are 
20 to 50 
years 
old.

US coal plants are getting old,
and many will need to be
replaced or retrofitted in the next
few years.  The situation is
similar throughout much of the
rest of the industrialized world.

3.979x109 Kw-h in 2004
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Options for
decarbonizing
the world's
electricity systems

Conservation/efficiency
Fuel switching
DG w/CHP
Nuclear

Wind
Solar thermal
Solar photovoltaics
Geothermal
Biomass
Coal w/carbon capture
and deep geological
sequestration

Others?



49

There is an enormous potential to
reduce CO2 emissions through more
efficient use of electricity. Two
examples:

Sources:  Marilyn Brown et al., Lumiled, M. Dworkin

Conservation/efficiency
Fuel switching
DG w/CHP
Nuclear

Wind
Solar thermal
Solar photovoltaics
Geothermal
Biomass
Coal w/carbon capture
and deep geological
sequestration

Others?

Refrigerators:

Solid state lighting:

Efficiency VT:

1940 20001960

4000

8000

12000

VT

USA



5050

Why solid state lighting?

Examples of
white solid state lamps

Sources: Azevedo; Philips.



5151Source: Azevedo, Morgan & Morgan, 2008.

Efficacy over time:
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Projected levelized annual cost:
Electricity price 10¢/kWh  Discount rate = 5%

Source: Azevedo, Morgan & Morgan, 2008.
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Conservation/efficiency
Fuel switching
DG w/CHP
Nuclear

Wind
Solar thermal
Solar photovoltaics
Geothermal
Biomass
Coal w/carbon capture
and deep geological
sequestration

Others?

Natural gas produces half the
CO2 of coal.
That helps but its still a problem
Past and possible future price volatility

Source: pacificsummitenergy, capstone.

Distributed generation with combined
heat and power can get twice the
conversion efficiency of central stations.
Issues include regulatory barriers.

High Voltage
Transmission System

Distributed Generator
(provides both power 
and heat)

Micro-Grid
(provides power, heat 
and perhaps special 
services to a group of 
customers)

Large Central Station
Generators

High Voltage
Transmission System

Lower Voltage
Distribution System

Customer 
Loads
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Conservation/efficiency
Fuel switching
DG w/CHP
Nuclear

Wind
Solar thermal
Solar photovoltaics
Geothermal
Biomass
Coal w/carbon capture
and deep geological
sequestration

Others?

Source: www.edf.fr/12025m/txt/Homefr/EDFEnergies/Nuclearpower.html; en.wikipedia.org/wiki/Électricité_de_France

As the French have clearly shown,
despite its various issues, nuclear
power is capable of serving a
nation's electricity needs without
CO2 emissions. About 88% of
EDF's electricity is generated in 58
nuclear power plants at 19
different sites.

Issues include cost, public
acceptance, safety, risk of
nuclear proliferation, and
waste management
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Small Modular Reactors

Image sources: NuScale; A. Abdulla.
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Wind can play an important role…
…but as the fraction of installed capacity grows,
dealing with intermittency becomes a major problem.

In places with lots of hydro power, like the U.S.
Pacific North West and Scandinavia, this can be
handled…

Sources: GE, Jay Apt, USBoR
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Can’t we smooth things out
by connecting wind farms
together?

Energy Policy,38, pp4400-4410, 2010

The answer turns out to be:
only to a limited extent - mainly for the
higher frequency fluctuations.

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.

15 min data

2 min. data
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Hourly wind output for all of Texas
for the year 2011.
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Texas results
The maximum reductions in
variability occur at the higher
frequencies and diminish as
the frequencies decrease
until at 24 hours there is no
reduciton in variability.

This figure shows that amount of
reduction in variability achieved
as a function of the number of
interconnected wind farms for
frequencies corresponding to 1, 6
and 12 hours.

12 hours

6 hours

1 hour

Note that after the first few wind farms
are interconnected there is little
additional reduction in the fluctuations.
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 Most places will have to use gas turbines when
the wind is not blowing.

Photo source: Power plants around the world

Today’s turbines have not been optimized to be ramped up
and down quickly.  Let’s compare:

O
ut

pu
t p

ow
er
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Ph.D. student Warren Katzenstein has done this:

Sources: Katzenstein and Apt; www.summitvineyardllc.com; www.sealegacy.com
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This does not mean that wind
is a bad idea!
It does mean that a state like New Jersey that does not have
hydro, and has specified a 20% renewable portfolio standard
(i.e., wind), but is also in violation of the NOx standard, will
need to be careful.

It should be possible to redesign turbines to reduce NOx
emissions when ramping, but it will require some effort.

Source: www.state.nj.us/nj/green/
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Solar PV

Source: Aimee Curtright, M. Granger
Morgan and David Keith, "Expert
Assessment of Future Photovoltaic
Technology, " Environmental Science &
Technology, 42(24), 2008.

Source:www.ncgreenpower.org
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Current capital costs

…in order to be competitive with other sources of bulk zero carbon
electricity? Considering capacity factor, balance of system, etc, but
not an intermittency charge, answer is 30¢/Wp.

To what price must PV cells get…

Sources: Tucson Electric; Curtright and Apt; Apt
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Probability of achieving cost targets

By 2050By 2030

$1.20/Wp

$0.30/Wp

Source: Curtright et al.
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A precautionary tale…
…from our home state about the dangers
of imposing mandates without first doing
some analysis.

Source: Google; geography.about.com

Source:www.ncgreenpower.org/

Pennsylvania's politicians have implemented a
requirement for 800 MW of solar PV. Jay Apt
has estimated that between now and 2020 this
will cost Pennsylvania's ratepayers $1.8-billion
more than the same amount of wind (and $400-
million per year thereafter)!
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On the other
hand…

Wind Solar

Energy

CO2

Health

Kyle Siler-Evans et al.
in press at PNAS.
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On the other
hand…

Wind Solar

Energy

CO2

Health

Kyle Siler-Evans et al.
in press at PNAS.
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On the other
hand…

Kyle Siler-Evans et al.
in press at PNAS.

Wind Solar

Energy

CO2

Health
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Conservation/efficiency
Fuel switching
DG w/CHP
Nuclear

Wind
Solar thermal
Solar photovoltaics
Geothermal
Biomass
Coal w/carbon capture
and deep geological
sequestration

Others?

Geothermal is great for
those who have the
resource.

However, the large-scale use of
biomass raises serious issues of land
use, soil degradation, and species and
ecosystem stress and destruction.

Biomass is attractive in modest
quantities.

Source: www1.eere.energy.gov; usda
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CC w/ GS
By separating carbon dioxide,
either before or after combustion,
technology for carbon capture and
geological sequestration holds the
promise to allow continued use of
coal with dramatically reduced CO2
emissions.

The resulting stream of carbon
dioxide can be injected into
carefully selected deep (>1km)
geological formations, such as
"saline aquifers", where geologists
believe that it can be safely and
indefinitely sequestered.

Conservation/efficiency
Fuel switching
DG w/CHP
Nuclear

Wind
Solar thermal
Solar photovoltaics
Geothermal
Biomass
Coal w/carbon capture
and deep geological
sequestration

Others?
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CO2 Capture and Sequestration (CCS)
There are several strategies for capturing CO2:

1. Post-combustion
separation after
combustion in air.

2. Pre-combustion separation.
power
plant

hydrogengasification
plant

CO2

To a deep geological formation
or the deep ocean.

water vapor, NOx

sulfur and 
other wastes

electric power

coal 
(or oil or natural gas)

other uses

air

coal 
(or oil or natural gas)

power
plant

separation
plant

CO2

N2, SOx, NOx, etc.

To a deep geological formation 
or the deep ocean.

flue gas

electric power

air

3. Combustion
    in oxygen.

air

To a deep geological formation
or the deep ocean

power
plant

separation
plant

SOx, NOx, etc.flue gas

electric power

coal 
(or oil or natural gas)

separation
plant oxygen

CO2

N2, etc.

Today all the pieces of systems 1 and 2 exist at commercial scale

The chemical
industry operates
scores of these all
over the world.
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This is not just pie in the sky

Sources: www.free-pictures-photos.com and movementbuilding.org
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Two IGCC plants
are now generating
electricity in the US
The Wabash Valley Plant in
Indiana, 262 MWe.
Repowered one unit of an
existing old coal unit.

The Tampa Electric Polk
Station, 250 MWe.  A new
plant.

For details on both plants see:
http://www.fe.doe.gov/programs/powersyst
ems/gasification/gasificationpioneer.htmlSource: www.netl.doe.gov
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Four other examples
of existing facilities Sleipner field in the

Norwegian North Sea

Source: DoE

Great Planes
Coal Gasification
Plant

Shady Point, Oklahoma

Source: AES Shady Point, Inc.
Source: BP

Salah gas project, Algeria: BP Amoco, Statoil and Sonatrach

Source: Statoil
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Once the CO2 has
been captured…

Source: www.nrcan.gc.ca

…it must be compressed
and injected into suitable
geological structures deep
under ground (>1km).

Source: IPCC

http://gsc.nrcan.gc.ca
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For many years…
…my colleague Ed Rubin and his students have been
building stochastic simulation models of  conventional and
advanced fossil power plants.

 

www.cmu.edu/epp/iecm/
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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 manor that is
safe, environmentally sound, affordable, compatible with
evolving international carbon control regimes (including
emissions trading) and socially equitable.
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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 manor that is
safe, environmentally sound, affordable, compatible with
evolving international carbon control regimes (including
emissions trading) and socially equitable.

To help make this happen we
launched a collaborative effort
called the CCSReg Project.

www.CCSReg.org
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We developed policy briefs to address:
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We did extensive briefings…

Interim
report

Six	  policy
briefs

…on Capital Hill, at EPA, to industry
and environmental groups both in the
US 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.

50	  pg.dra9
legisla:on

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…

…since we had a couple of
experienced lawyers on our team
we did it ourselves
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Last year…
…we published a book through RFF Press.

Contents

1. The Importance of CCS in a Carbon
Constrained World

2. Technology for Carbon Capture and
Geologic Sequestration (CCS)

3. Siting CO2 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
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One figure from Chapter 9

Source: Rubin et al., IJGGC, 2007

In the case of both SO2
scrubber technology and in
the case of NOx control
technology, he finds that
costs rose significantly after
problems were encountered
with the design and
performance of the first few
plants.

There is every reason to
believe that the same will
be true for CCS.



84

Achieving an 80% reduction in
CO2 emissions will take

everything we've got
There is a growing awareness that to achieve the
sort of massive transformation of the energy
system we need, there are not silver bullets.

Here, for example, are results from a recent
study by EPRI:

Sources: EPRI
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How fast could we do it?
A few years ago my colleagues Jay Apt, Lester Lave and I
explored two questions:
If the US only builds new electricity generating technology that
does not emit CO2, and could double the rate of new
construction, how long would it take to decarbonize the US
electricity system?

Answer: About 50 years.

8000

6000

4000

2000

0
20001950 1975 2025 2050

Year

10000

Linear extrapolation
from recent years.

Light vehicle fleet
converts to electric.

Low growth.

New (carbon free) 
capacity to 
meet growth

New (carbon free) 
capacity to replace 
old carbon-emitting 
generaton 
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What would it cost?

Answer: If it is done in an
orderly way, about the
same as it cost for the US
electricity industry to meet
the Clean Air Act.  Vastly
more, if it is done in a rush.
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There is one other option
I need to tell you about
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Three ways to
change the
climate:

To warm the earth
add CO2 and other
GHGs. OR Increase albedo 

just a little bit 
(this is fast).

To cool the earth either:
Remove CO2
and other GHGs
(this is slow).
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There has been a lot of
confusion about nomenclature

Too many things are being termed “geoengineering.”
The result is that people make general statements that
actually only apply to one subset of possible strategies.

The Royal Society has
introduced two terms that help:

SRM or “solar radiation
management”

CDR or “carbon dioxide
removal”

88
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Three ways to
change the
climate:

To warm the earth
add CO2 and other
GHGs. OR Increase albedo 

just a little bit 
(this is fast).

To cool the earth either:
Remove CO2
and other GHGs
(this is slow).

SRMCDR
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CDR options:

• Are slow
• Are either expensive or not scalable
• The best ones do not introduce new kinds of

environmental risk, or new governance
issues, but some do.

• Address the root causes of the problem
(excess CO2 in the environmen
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Strategies that might be used to do CDR:
1. Afforestation and/or Reforestation
2. No-till agriculture
3. Biomass fuel with CCS
4. Ocean fertilization to increase biotic up-take
5. Enhanced natural weathering (e.g. add alkalinity

to soils)
6. Direct scrubbing from the air with engineered

systems
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1. Afforestation or reforestation:se	  and
afforesta+on

Photo sources: www.antipixel.com/blog/archives/2006/08/15/yakushima_forest.html; mtr.com.hk

This clearly has
multiple benefits but it
can not possibly offset
all the CO2 that
humans are releasing.
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2. No till agriculture:

This too has multiple benefits (soil carbon is critical to
holding micro-nutrients). But this strategy also can not
possibly offset all the CO2 that humans are releasing.

Photo source: www.bloggersbase.com
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3. Biomass Fuel with CCS
This strategy would
basically meet some
energy needs while
“pumping” CO2 out
of the atmosphere.

Issues include:
•  scalability
•  large land use and
   ecosystem impacts
• question of best use - if one is to use all that biomass,

would it be better used for transportation fuel?
Photo source: www.iset.uni-kassel.de
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4. Ocean fertilization

Photo sources: http://disc.sci.gsfc.nasa.gov/oceancolor/additional/science-focus/images/diatom.gif;
innovationwatch.com

Much of the ocean is nutrient
limited. By adding iron or other
nutrients, it might be possible
to enhance CO2 biotic uptake.
Big issues: Will it work? With
what ecological consequences?
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5. Enhanced natural weathering

Photo sources:
commons.wikimedia.org/wiki/File:White_cliffs_of_dover_09_2004.jpg; www.galleries.com www.mindat.org

Olivine Serpentine
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6. Direct scrubbing from the air:

Photo	  sources:	  New	  Scien:st	  and	  Carbonengineering

The idea is to use a sorbent
that can be recycled. The CO2
is removed (e.g. by heating)
and then sequestered (either
geologically or as a mineral
solid)
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Strategies that might be used to do SRM

1. Add small reflecting particles in the stratosphere.
2. Add more clouds in the lower part of the

atmosphere.
3. Place various kinds of reflecting objects or

diffraction gratings in space either near the earth
or at a stable location (the L1 point) between the
earth and the sun.

4. Change large portions of the planet's land cover
from things that are dark and absorbing, such as
trees, to things that are light and reflecting, such
as open snow-cover or grasses.
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1 Stratospheric aerosols
Adding more of the right kind of
fine particles to the stratosphere can
increase the amount of sunlight that
is reflected back into space.

There is clear evidence from many large past volcanic eruptions
that this mechanism can cool the planet (Mount Pinatubo
produced global scale cooling of about 0.5°C).

 
Figure source: NASA and IPCC.
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Layer of fine reflecting particles

Source:  Novim report, 2009, p. 14
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This is not hard to do,
and probably not all
that expensive

Figure sources: EADS; NASA; www.carlstumpf.com

A single nation could do these
within its national boundaries
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2. Add more bright reflective clouds

Figure sources: NOAA, DailyMail.com.uk
Proposed by John Latham,  NCAR

Ship tracks: Might be done by
injecting sea salt to
nucleate clouds.
Ecological impacts are
unclear.
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3. Reflectors or diffraction
                gratings in space

Source: Roger Angel, UA Steward
Observatory, ESA, BBC;
www.tau.ac.il;

COOLING CONCEPT. Miniature flyers made of transparent film
would deflect sunlight from Earth. Three solar-reflecting tabs on
each flyer direct its course. This illustration shows background
starlight blurred into doughnuts by the film.
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4. Make the surface more reflective

Santorini	  -‐	  Telegraph

Montepulciano	  –	  ItalianVisits.com

Problem: This can at best have have only a modest impact.
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Of these four options…

…adding fine reflective particles to the
stratosphere is the most feasible in terms of cost
and effectiveness.

Hence in the balance of the talk I will focus on just
this strategy.
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…a great deal of
uncertainty about
stratospheric SRM,
recently in Nature David
Keith, Ted Parson and I
argued that three things
are pretty certain:

While there is…
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In order to get a better estimate of cost…

106

My colleagues Jay Apt
and David Keith
commissioned a study
by Aurora Flight
Systems.

The folks at Aurora
concluded that delivery
by special aircraft is
probably the most cost-
effective strategy.



107

Modest infrastructure
They conclude that
total cost might be just
a few $billion/year

107
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Comparing costs

How does the cost of achieving ~80%
reduction in the emissions of CO2 and other
GHGs compare to the cost of SRM (which,
of course, would have no impact on CO2
level but could “eliminate” warming)?
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The cost of GHG abatement
Today, the world is emitting about 50x109 tonnes per year CO2-eq

                                 (of which about 30x109 is CO2)
The IPCC 4th assessment says:

"Modelling studies show that global carbon prices rising to US$20-
80/tCO2-eq by 2030 are consistent with stabilisation at around 550ppm
CO2-eq by 2100. For the same stabilisation level, induced technological
change may lower these price ranges to US$5-65/tCO2-eq in 2030."

    (50x109 tCO2-eq)(5 to 65$/tCO2-eq) = 250 to 3300x109 $/year

The size of the global economy is of the order of $60x1012

0.25 to 3.3x1012 $/year
60x1012 $/year

0.4% to 5.5% of world GDP/year



110

The cost of SRM
~ 6 x109 $/year
60x1012 $/year

~ 0. 01% of world GDP/year 

BOTTOM LINE:  It is probably safe to
assume that the direct monetary cost of
SRM would be >100 times less than the
cost of a full program of GHG abatement.

At this cost, it becomes really tempting!  One or
several nations that started experiencing serious
climate impacts, might unilaterally engage in SRM.

110
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That handles “cheap” and “fast”

Now lets consider “imperfect”

111
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If we change albedo a little…
…to cool the planet, what else might happen?
Possibilities include:

• Impacts will not be uniform. Some places will
change more than others (but all probably closer to
present climate than a very high CO2 world)

• Precipitation patterns will shift (of course, that is
also happening under climate change).

• Changes in terrestrial ecosystems due to higher
CO2, change in precipitation.

• Continued and growing impacts on the oceans as
they take up more and more CO2.

• Particles in the stratosphere can provide reactive
surfaces that might contribute to the destruction of
the ozone layer.
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A “Faustian bargen”

The longer one does
SRM by injecting fine
particles in the
stratosphere, the greater
the risk of rapid change
if one suddenly stops.

Such changes could
devastate many
terrestrial ecosystems.

Source: Matthews and Caldeira, PNAS, 2007.
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The CFR workshop…
Because the diplomatic community was
almost completely unaware of SRM, in
2008 I organized a workshop at the
Council on Foreign Relations in
Washington, DC.

Source: Council on Foreign Relations

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

Participants in the 2008 workshop were
all from North America.

To extend the conversation to a more
international group, we ran a second
workshop in April 2009 in Lisbon,
Portugal.
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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.

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

Sources: 
Gulbenkian & Qian Yi
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March 2010: The
discussion of
risk governance at
the Asilomar
conference on
geoengineering

August 2010: First multi-
university summer study
program for graduate
students on geoengineering
held at Heidelberg.

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

June 2009: U.S.
NRC workshop on
geoengineering

March 2010:
Testimony to a joint
session of the U.S.
House Science
Committee and the
Science Committee
of the UK
Parliament

March 2010:
Evening briefing
to CFR

Jan 2010 Jan 2011

Some subsequent events…

November 2010:
IRGC opinion piece on
governance
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SRM…(Cont.)

August 2011:
Second multi-
university summer
study program for
graduate students
and other young
investigators held
at Banff

Jan 2011

January 2011: La Jolla
IGBP workshop
on ecosystem
impacts of
geoengineering

Paper now in press
at AMBIO

June 2011: Lima IPCC expert
meeting on geoengineering

October 2011:
BPC report on
U.S. researchMarch 2011:

SRMGI Kavli Center

Jan 2012

SRMGI

April 2012: CMU
workshop on managing
knowledge

May 2012:
DC CIT event
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SRM…(Cont.)

Jan 2011
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Many have argued…
…that before anything can be done about limiting climate
change three things must happen:

1. Research must be conducted to eliminate all key
uncertainties about the science;

2. All major nations must agree to control emissions of
CO2 and other greenhouse gases before any nation
can be expected to impose significant controls,
because otherwise there would be an unacceptable
"free ride" problem; and

3. All major nations must agree on a "safe" target
concentration of CO2 which the world will then
collectively achieve.

In my view, all three of these claims are wrong and
misguided.

Would be nice,
but clearly not
happening - a
recipe to never
do anything.

Not feasible.

Actual level will
be an emergent
consequence of
many separate
actions.
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We need to be very careful…
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We need to be very careful…
…we've only got one planet.

Source: NASA
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Some resources:
The best summaries of climate change and its impacts are
those of the Intergovernmental Panel on Climate Change
(IPCC).  See: www.IPCC.ch

NOAA has a number of tutorials and other materials: 
       http://oceanservice.noaa.gov/education/

There are many technical reports available from the National
Academy (www.nap.edu/) and several U.S. climate research
program such as:

www.globalchange.gov/ and 
www.climatescience.gov/default.php

For several nice non-technical brochures visit:
http://library.globalchange.gov/products/other

For a serious treatment of efforts to introduce doubt into public
discourse: N. Oreskes, E.M.Conway, Merchants of doubt: How
a handful of scientists obscured the truth on issues from
tobacco smoke to global warming, Bloomsbury Press, 2010.
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