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James Hansen, 2008

Decreasing CO2 was the main cause of a cooling trend that
began 50 million years ago, the planet being nearly ice-free until
CO2 fell to 450 £ 100 ppm; barring prompt policy changes, that

critical level will be passed, in the opposite direction, within
decades. If humanity wishes to preserve a planet similar to that

on which civilization developed and to which life on Earth is
adapted, paleoclimate evidence and ongoing climate change
suggest that CO2 will need to be reduced from its current 385
ppm to at most 350 ppm, but likely less than that.

Richard McGehee, University of Minnesota

4/24/2025

Math 5421
Negative Emissions

At ic CO2 and C ive
s 400
Since 1959 we have 350
emitted more than .
400GiCintothe 2 <eenecune 300
atmosphere. s 250
During that time & 200 &
the carbon dioxide o5
has increased by 150
105 ppm . 100
PP 335 \ . .
Cumulative Emissions = 5
315 0
1955 1965 1975 1985 1995 2005 2015 2025

Math 5421
Negative Emissions

National Aeronautics and Space Administration
Goddard Institute for Space Studies

GISS Home Publication Abstracts

News & Features
Hanson ot al. 2008
Projects & Groups Hansen, J., M. Salo, P. Kharecha, D. Beerling, R. Berner, V. Masson-Delmotte, M. Pagani, M. Raymo, D.L. Royer, and J.C
Datasets Zachos, 2008: Targe! atmospheric CO,: Whar should humaniy aim? Open Amos. Sci. J.. 2, 217-231
0i:102174/1874282300802010217

Publications

Software Paleociimate data snow that cimate sensitivity is ~3'C for doubled CO, incluging oniy 1as! feedback procssses, Equilbrium
sensiiity, including slowsr surface albado fmadbacks, is ~6°C for doubled OO, for the rangs of clmata states batwaen

Educaion glacial conditions and ice-ios Antarctica. Decreasing CO, was the main cause of a cooling trend that began 50 millon years

Events 300, the planat baing nearly ice-rae unti CO, fell 0 ppm; barring prompt palicy changes, that crtical level wil ba
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developed and to which lile on Earth is adapted. paleoclimate svidence and ongoing climate change suggas! thal CO, wi
need to be reduced from its current 385 ppm to at most 350 ppm, but ikely less that. The largest uncertainty in the target
aitsas lom possible changes of non-CO, lorcings. An initial GO, target may

‘oxcopt whore CO, Is captured and adopting agricultural and forestry pracices that sequester carbon. If the prosent avershoot
of this target CO, is not brief, thers is & possibilty of seeding imeversibie catastrophic effects.
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James Hansen, 2008 350.org
Bill
McKibben,
Paleoclimate data show that climate sensitivity is ~3°C for doubled CO2, 007 M e T S e @ Lanauace Founder

including only fast feedback processes. Equilibrium sensitivity, including
slower surface albedo feedbacks, is ~6°C for doubled CO2 for the range of IRE 5 5
climate states between glacial conditions and ice-free Antarctica. izl It's warming.

Basics: It's us.

If the present overshoot of this target CO2 is not brief, there is We're sure

a possibility of seeding irreversible catastrophic effects.

It's bad.
We canfixit.
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Long-Term Carbon Cycle
Long-Term

Carbon Cycle Volcanos emit CO,.

westhering consumes
©02; westhering products
canied to ocean

Silicate weathering carries carbon to the ocean.

wetamarphism of . . .

seatherng sonsanes hallowmater e older sedimentary Carbon sinks to the bottom of the ocean by the "biological
rocks liberstes COP P " "

00 nestharng rodcis epen-asean catbanate arbonate 4 i pump" and by the precipitation of calcium carbonate.

The carbon is captured in the sediment.

The sediment is subducted beneath the continental crust by
plate tectonics.

o Volcanic activity released carbon from the carbonate rocks in the
is slouly

mantle R
asthenosphere

canied to mid-ocean ridge by form of CO,.
o Mkt asthenczphrs
= = Repeat.

Math 5421 4/24/2025 Math 5421 4/24/2025

Richard McGehee, University of Minnesota 2



4/24/2025

Math 5421

Math 5421 Math 5421
Negative Emissions Negative Emissions
Long-Term Carbon Cycle Silicate Weathering
What’s this? . . . i » »
\ Volcanos emit CO,. Rainwater containing dissolved CO, falling on silicate rocks replaces a silicon
. . i atom with a carbon atom, ultimately producing calcium carbonate (limestone)
Silicate weathering carries carbon to the ocean. and silicon dioxide (quartz). For example, calcium silicate (Wollastonite):
Carbon sinks to the bottom of the ocean by the "biological How weathering rocks capture
pump" and by the precipitation of calcium carbonate. CaSiO; +CO, — CaCO; + SiO, CO, from the atmosphere
Atmospheric €Oz
Under volcanic conditions, the carbon ,
atom is replaced by a silicon atom, \ o "
( = Silcate Rocks

The carbon is captured in the sediment.
completing the long-term carbon cycle

The sediment is subducted beneath the continental crust by
plate tectonics.
Volcanic activity released carbon from the carbonate rocks in the
form of CO,. CaCO, + Si0, — CaSiO; + CO,
Repeat. .
P Can we do this ourselves?
-
climatescience.org
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Enhanced Weathering
Thunberg, The Climate Book, p.237.

Cost estimates ... are $75 - $250 per tonne of CO, removed
How does enhanced weathering work?

—3 f
VTR g\
=5
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Enhanced Weathering
Thunberg, The Climate Book, p.237.

“Another drawdown technology is enhanced weathering. This approach tries to

accelerate the rate at which rocks such as silicates react naturally with
atmospheric CO,.”

How does enhanced weathering work?

“Imagine mining basalts, crushing them and
exposing them to the air to react with
ﬂ é
cost to remove all the
CO, emissions using

carbon dioxide.”
“You might even fertilize an agricultural — . it
I R
this technology?

field with them, enhancing plant growth
.... Cost estimates ... are $75 - $250 per
tonne of CO, removed. ... We know
weathering works in nature over
thousands of years; the question is ;
whether we can speed it up to a policy-
relevant timeframe of years to decades.”

16

How much would it

climatescience.org
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Direct-air Capture
Thunberg, The Climate Book, p.238.
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Thunberg, The Climate Book, p.238.
... dozens of companies are working on direct-air capture of
Sored o nansformed

carbon dioxide using specialized chemicals.”
.
§ 20
‘o other goods

=5 e

“The fiter materialis

Direct-air Capture
How direct air capture works
é

© o _,,

Concentrated CO2 is

Large fans draw in air Filters containing
‘captured 02

concentrate CO2 from
theair

Filtered, CO2-free airis
released into the
atmosphere

rbon-:

B2 CBINSIGHTS
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cbinsights.com/research/direct-ai.

19
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Where do we What do we
get the do with this?

energy for ~ How direct air capture works
these? [A]

B Concentrated G021
N aerheiace)

S5 =N
oo Ty

La air i ini is

Filtered, CO2-free airis
released into the

B2 CBINSIGHTS atmosphere

concentrate CO2 from captured €02

cbinsights. com/ direct-air-cap ion/
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Direct-air Capture
Thunberg, The Climate Book, p.238.

“The current cost range for direct-air capture is around $250 -
$600 per tonne of CO2 removed.”

How much would it h--
cost to remove all the ;
CO, emissions using

this technology?

4/24/2025
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Direct-air Capture

Airbus Vision
Direot Air Carbon Capture & Storage
How it works i . . .
=, 1 mllhono tonnes
A oaghine Bl

Ambiant A

RENEWABLE
POWER SOURCE

AIRBUS

airbus.com/en/newsroom/stories/2022-07-di i P g iati ined
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Carbon Capture and Storage (CCS)
Thunberg, The Climate Book, p.236.

“The atmosphere contains about one molecule of carbon dioxide for
every 2,500 molecules of other gases, which makes finding and
‘removing’ carbon dioxide for the atmosphere like pulling needles
repeatedly from a haystack. About one in ten molecules emitted by
a typical fossil power plant smokestack is carbon dioxide, so it
makes no sense for these smokestacks to keep releasing
concentrated carbon dioxide into the air and then for us to pay to
remove it in diluted form later. Whenever we keep burning fossil
fuels, we need to capture the carbon pollution form smokestacks
now, before it pollutes the air.”

“Currently, there are only thirty or so carbon capture and storage
(CCS) plants running worldwide.”
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Carbon Capture and Storage (CCS)
Thunberg, The Climate Book, p.236.

Downsides
1. Adds cost to electricity production.
2. CO, leaks cause inefficiencies.
3. CO, spills can kill people.

Upsides
1. Storage in silicate-rich strata can result
in permanent conversion of CO, to
carbonate rocks.
2. Cost is less than building machines to
suck CO, out of the air.

en.wikipedia.org/wiki/Carbon_capture_and_storage

24
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Carbon Capture and Storage (CCS)
Thunberg, The Climate Book, p.236.

Major Downside
We can be lulled into thinking
that using CCS means that we
can go merrily on our way,
continuing to use fossil fuels.

On the other hand,
increasing the cost of using
fossil fuels may lead to
accelerated adoption of solar
and wind energy.

en.wikipedia.org/wiki/Carbon_capture_and_storage

25
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Natural Climate Solutions
Thunberg, The Climate Book, p.236.

Nature Improves Re:

* CORAL REEFS can . * Ecolog * URBAN AND
reduce 97% of incoming  FLOODPLAINS woulki protect ¥ TREES
wave energy, which cost < $160 billon, but drinking water supplies reduce over 7% of
helps reduce erosion provent nearly $400 and mitigate wikdfire sk, residential energy use.
and storm-surges. billion in damages. Urban trees and green

* Over 1/2 of the nation's ‘spaces absord

* 1 acre of WETLANDS water supply comes:
stores 1-1.5 million from FORESTS.
gallons of floodwater.

‘stormwater and provide
habitat for wildiife.

Coastal Ecosystems  Floodplains Forests Urban Forests
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Bioenergy with Carbon Capture and Storage (BECCS)
Thunberg, The Climate Book, p.236.

“In BECCS, you gather or harvest plant biomass, burn it to produce electricity
(or convert it into biofuels) and pump the carbon dioxide pollution
underground to keep it out of the atmosphere.”

.
2-
mf:;m i . ——in
E €0, permanently
g
| BECCS

t. com/sci icle/pii/S0961! 78
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Help From the Trees
Each spring and summer the biological activity draws down
more CO, than we add by burning fossil fuels.

Mauna Loa

€O, ppm

1955 1965 1975 1985 1995 2005 2015 2025

year

Richard McGehee, University of Minnesota
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Natural Climate Solutions
Thunberg, The Climate Book, p.237.
Problems
1. These natural process were in equilibrium in the pre-industrial age. We
have perturbed them far from equilibrium, so we cannot expect them to
bring us back to a livable climate.

nce to Climate Change ==

Nature Improves R

2. These systems cannot
keep up with the rate at
which we are adding
carbon.

Urbian Forests

blog.nwe. org/2020/ 1-cli
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Bioenergy with Carbon Capture and Storage (BECCS)
Thunberg, The Climate Book, p.236.

“In BECCS, you gather or harvest plant biomass, burn it to produce electricity
(or convert it into biofuels) and pump the carbon dioxide pollution
underground to keep it out of the atmosphere.”

-
o
,.f.‘ly - \m?,‘ir.,",
BECCS
— (S

Geological

t.com/science/article/pii/S0961 8
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Help From the Trees
Each spring and summer the biological activity draws down
more CO, than we add by burning fossil fuels.

drawdown

Mauna Loa

€0, ppm
5
8

2010 2012 2014 2016 2018 2020

year
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Help From the Trees

Each spring and summer the biological activity draws down
more CO, than we add by burning fossil fuels.

drawdown
Mauna Loa
Drawdown looks
to be
6 or 7 ppm/yr
2016 2016.5 2017 2017.5 2018

year
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Help From the Trees
Suppose we were able to capture one third of the capacity of
the biological activity at 6 ppm/yr.

430

420

CO2 ppm
N
8
8

350
1990 2000 2010 2020 2030 2040 2050 2060
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Help From the Trees

400 -

i
i

350
1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

year

4years 12 years
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Help From the Trees
Suppose we were able to capture the full capacity of the
biological activity at 6 ppm/yr.

430 T T

420

UL

\

350
1990 1995 2000 2005 2010 2015 2020 2025 2030 2035
year
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activity at 6 ppom/yr, but the ocean released what it had absorbed.

430 T T T T T T T T T T

350 b
1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
year

Suppose we were able to capture one third of the capacity of the biological
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Help From the Trees

350 . ’
1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
18 years year 54 years
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Can we remove carbon dioxide from the atmosphere?

Yes, but there is no magic bullet; all solutions are
expensive.

Can we get back down to 350 ppm?
Yes, but it will take time and effort.
What should we do first?

Stop burning fossil fuels.
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