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We flew to sixty thousand feet, as high as the planes could get.
Higher would have been better but we couldn’t do it. [...]

Once up there we deployed the fuel lines and pumped the
acrosols into the air. The plumes looked like dumped fuel at first,
but they were really acrosol particulates, we were told mostly
sulfur dioxide and then some other chemicals, like from a
volcano, but there wasn’t ash like in a volcanic explosion, it was a
mix made to stay up there and reflect sunlight.

[-..] soon enough what we released would get carried by the
winds all over the stratosphere, mostly in the northern
hemisphere but eventually everywhere. There it would be
deflecting some sunlight. [...] Our operation only made things a
little whiter by day, and the sunsets were sometimes more red
than before. Quite beautiful on certain days. But mostly things
looked the same. The sunlight we deflected to space was said to
be about a fifth of one percent of the total incoming. Very
important crucial stuff, but it’s not really possible to see a
difference that small. Global effect was said to be like Pinatubo’s
eruption in 1991, or some said a double Pinatubo. The total
release was taken to the stratosphere in several thousand
individual missions. We had a fleet of only two hundred planes,
so we went up scores of times, spread out over seven months.
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...maybe things don’t get better

Energy-related CO, emissions, world /-\ Every tonne of CO, emissions adds to global warming
b""on metnc tons e I a Global surface temperature increase since 1850-1900 (°C) as a function of cumulative CO, emissions (GtCO,)
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Climate Feedback Loops

feedback loops
can be positive
(self-reinforcing)
or negative
(balancing)

Climate change feedbacks

+ Water vapor

+ Methane

Greenhouse gases
Carbon dioxide, methane, <
nitrous oxide, water vapor, ...

— Carbon dioxide

v

+ Global warming =

Positive feedbacks ¢ Negative feedbacks

Snow cover loss

Warmed Earth radiates

methane into the air

and ice shelf melt <¢f»  more infrared (heat) energy
reduce reflection of sunlight into space
Warming increases =15 Plants remove
water vapor in the air carbon dioxide from the air
Melting permafrost releases A Oceans remove

carbon dioxide from the air

(amplify warming)

(reduce warming)



Climate Tipping Points

| tipping points are

- L rapid and often
" ‘m irreversible

changes to the

Reflected planetary system

due to positive

>

Stability
landscape

Climate state

feedback loops




Tipping Point Cascades

a Initiator of tipping cascades

ne 65%

nd
5 29% a Occurrence in tipping cascades

R
Increased
freshwater influx

Salinity gradient increase & fast
advection of freshwater anomaly

N
\
® ®
1
J II
Sout(hern ocean ¢
heat accumulation %

passing one

tipping point
risks a ‘domino
effect’ inducing
a cascade of

tipping points

Reduction
of warming

Weakening
of AMOC

Change in
precipitation _

®

Sea level
rise

®

Sea level
rise

Earth Syst. Dynam. 2021, 12, 601. /

—» destabilising effect
— stabilising effect
====% direction unclear




Tipping Point Cascades

there are so many possible tipping points

@ Arctic Winter Sea Ice collapse
Greenland =
Ice Sheet
loss ®) Barents
Northern » Sga Ice
Forest (©) Labrador- abrupt
northern gorealf . Irminger Seas loss P :;l::;l;tern
iyt ag:l:?)? = Convection Permafrost southern
thaw collapse collapse dieback
Atlantic
Meridional
Overturning .
Circulation \Slzggtation & Low-Latitude
Regional cessation West African Coral Reefs
» Regional Amazon M die-off
elements Rainforest onsoon . 2 .
Global dieback ® greening
e unceriainty I1s
e Extrapolar
Tipping =
becomes Glaciers
loss

likely within .

ridiculously high

L6100 . East Antarctica:

[(>6°C ) West Antarctic East Antarctic Subglacial Basins ENgas
e = e 2o (almost unquantifiable
warming. loss . - =

O®  veronia 2oz
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GEOENGINEERING PROPOSALS

Increased reflectivity

from low clouds
(e.g. by spraying sea salt into them)

Thinning high clouds
(clouds act as a blanket, retaining heat)

Biomass energy with Increased
capture and storage reflectivity
(using biomass for energy of crops

and capturing the CO,)

Ocean

fertilisation
(increasing population of
carbon-absorbing plankton)

Increased reflectivity from the oceans
(microbubbles increase reflectivity)

Afforestation
(planting vast forests) materials)

‘o ) o, %000 0.
ae .,
00,00 00 0% 00 %00 2,00 9 ‘0, %000 0" 0
PR AR 1 @ 9,00 oo »
o' 00 . 29% %
o oo .

Increased reflectivity
from aerosols pumped
into atmosphere

Increased
reflectivity

from deserts
(using highly reflective

N

Credit: University of Leeds



Geoengineering

Carbon Dioxide Removal

7 7 7
L X X I X g

7
*®

7 7
L X X4

(CDR / “negative emissions”)

Direct-air capture (DAC)
Enhanced weathering (EWR)
Biomass carbon removal
(BECCS/BICRS)

Pyrolytic carbon removal
(biochar, PyCCS)
Afforestation / desert greening
Ocean carbon removal

(DOC, OAE, etc.)

Solar Radiation Management

7 7 7 7
A X AR X R X S X4

7
L X4

7
L X4

7
L X4

7
L X4

(SRM / “solar geoengineering”)

Stratospheric aerosol dispersion
Cirrus cloud thinning

Marine cloud brightening

Orbital mirror deployment

Others
Surface albedo modification
Glacier stabilization
Coastal engineering
Other, even dumber ideas



I know this is confusing

probably already what people
necessary at being scaled often mean by may be
some scale & deployed (el L necessary

(hopefully not)

Carbon

Solar mostly just
Radiation theoretical

(for now)

is a kind of

Dioxide geoengineering

Removal Management
only
comparatively somewhat many possible
minor side effects controversial giremely undesirable

(besides opportunity costs) controversial side effects

((for most methods))



Every CDR Technology
in One Simple Venn Diagram

CDR /;:ean

CDR

enhanced
weathering
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CDR
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CDR

PyCCSI
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enhanced
weathering
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CDR

carbon
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Direct-Air Capture (DAC)

e literally just a big
machine to filter
CO, out of the air

e needs energy
($$9%) to run fans,
regenerate filters

How direct air capture works

sy
P N e

]

Large fans
f

&= CBINSIGHTS

ge f. draw in air
rom the atmosphere

Concentrate d CO2
e store d or trans formed
g 5 to other good
3\
°
The filter material i
heated to release tl
captured CO2

Filtered, CO2-free air is
released into the

atmos phere



irect-Air Capture (DAC)

ros. Cons:

+ already being — so expensive!
scaled & deployed ... —

Accelerate the scale-up and remove CO: permanently

L ]
Contribute to the scale-up of our direct air capture technology and permanently remove CO: from the air. 100% of
I V your money goes toward COz removal in your name, and you can update or cancel anytime.

Grove

L ]
Remove the same quantity of CO: from the air as approximately 11 grown tree
S I e e e C S with our high quality COz removal service.
L ] | ]
I ' Woodland -
Remove the same quantity of CO2 from the air as approximately 22 grown trees (40 kg monthly) Remove CO:
- per month

with our high quality COz removal service.

Remove €Oz
per month

Forest s112

per month

Remove the same quantity of COz from the air as approximately 43 grown trees (80 kg monthly) Remove CO:

with our high quality COz removal service.




Point-Source Capture

e Just like DAC but filters 2 APPROACHES

TO CAPTURING CARBON

C 02 frO m i n d U Stri a I Direct air capture Point source capture

CO2 is directly captured CO2 s captured from industrial
= from atmosphere and waste streams such as power plants
Wa Ste Strea m S ( I & e > sequestered underground and sequestered underground or
or used in other processes. used in other processes.

smokestacks)

Du

e More CO, from a
smokestack than air byl b
> easier to capture Q o @



Point-Source Capture

Pros:

+ cheaper than DAC
(per CO, molecule)

+ retrofit solution to
decarbonize
hard-to-abate heavy
Industries

cons:

“avoided emissions”, not
“negative emissions”
~90% efficient at best
high CapEx, unclear
value proposition
precludes transition
from fossil fuels



Point-Source Capture

Uncaptured Carbon

Blue Hydrogen: Clean in Theory But Not Reality Ol & snvallpmtien of (e 0%

Realistic assumptions for CO2 capture rates, methane

emissions and other factors reveal blue H2 will be very dirty has ever been used
Carbon Intensity (kg CO,e / kg H,) M Captured carbon M Unused capacity
16

Stated cgpacity

i ——

"While carbon dioxide emissions are lower,
fugitive methane emissions for blue
hydrogen are higher than for gray
hydrogen because of an increased use of
natural gas to power the carbon capture.”

DOE’s

8 Steam Methane Au nal clean
Reforming (SMR) of A hydrogen
: standard

70% 85% 96.2% 70% 85% 94.5% carbon capture
Sources: DOE GREET model, IEEFA analysis |EEFA

)
2018 2022

capturing capacity at the Century plant

10M tons of CO2

Occidental Petroleum Quietly Abandons Biggest
Carbon Capture Plant

-- By Jennifer L
I | |
E— 0 —
e o R

Energy Sci Eng. 2021, 9, 1676.



What Happens to the CO,?

g [
e Utilization / Use
Capturing CO, from fossil or Using captured CO, as an input
biomass-fuelled power stations.
or services.

o CO, is used directly or =" {
converted to products

e Sequestration /

Storage

o CO, is injected 5 O
dsterleeliol e kelie s
hopefu”y Stays there onanore o oo




What Happens to the CO,?

e |nflation Reduction
Act § 45Q defines

tax credits for CCUS:

utilized sequestered

point-source

direct-air

$60/CO, $851CO,

$130/tCO,  $180/CO,

uses for COZ:

e food & beverage
(e.g. seltzer, beer)
e synfuels (e.qg. SAF)

...but that’s not the #1
use of captured CO,:



the primary use of CO, is drilling oil

Production well

GO, injecton I\ o EOR: Enhanced Oil Recovery

IOR
(Improved Oil Recovery)

EOR
(Enhanced Oil Recovery)

Oil Production Rate

(i) used by the taxpayer as a tertiary injectant in a qualified enhanced oil or

natural gas recovery project and disposed of by the taxpayer in secure
geological storage, or

(i) utilized by the taxpayer in a manner described in subsection (f)(5). Time






Enhanced Rock Weathering (ERW)

e some kinds of rock
(silicates, basalts,
olivine) naturally
absorb CO, and turn
Into carbonates
o mine em, grind em

up, letem rip

How enhanced rock weathering works

1.Volcanic rock
scattered on field

2. Falling rain absorbs
—— CO2 from
atmosphere

3. Water reacts with
=~ volcanic rock to
form carbonates

4.Carbonates washed into
rivers/sea where carbon ‘
stored

Source: BBC research, Getty Images (B]B|



Enhanced Rock Weathering (ERW)

Pros:

+ comparatively cheap
(est. ~$150/tCO,)

+ more than enough
silicates in the crust
to scale globally

Ccons:

difficult to quantify total
carbon removed

risk of heavy metal
leaching into soil, water
have to mine, grind rock
can be extremely slow






Ocean Alkalinity Enhancement (OAE)

e grind up the
silicates and
scatter them in
the ocean

e o
OCEAN ALKALINITY ENHANCEMENT

-
= 2
- rposed for cllndim 2
co-purpo: nity
L production and delivery Mining alkaline minerals
CARBON DIOXIDE IN ) (7 — T
SEAWATER + ALKALINITY orhos giicline L Jil ‘ :
= CARBON STORED IN e B 1o ‘ Silicates Catborates
THE OCEAN AS ° B hrough - ' T il
BICARBONATE ouffall pipes i i :

H,0 Alkaline

co, ,
materials
@ ©

coi FROM LIME

L SEQUESTERED
o OCEAN VISIONS UNDERGROUND

oceanvisions.org/oceancdr



Ocean Alkalinity Enhancement (OAE)

Pros: Cons:
+ probably even — difficult to quantify total
cheaper than ERW carbon removed
(est. ~$30/tCO,) — heavy metal leaching
+ could counteract directly into ocean
ocean acidification — have to mine, grind rock

— the ocean is big and scary






Direct Ocean Capture (DOC)

e extract dissolved

~415ppm

CO, gas from
ocean water

e decarbonized
seawater reabsorbs
atmospheric CO,




Direct Ocean Capture (DOC)

Pros:

+ more energy-efficient —
& cheaper than DAC

+ probably minimal s
negative side effects

+ CO, is a potential
revenue stream

Cons:

still have to sequester or
utilize the CO,

remote ocean location
makes both more costly






Ocean Fertilization

e photosynthetic microalgae (phytoplankton)
are often resource-limited in Fe, N, P, etc.

e add nutrients to induce ocean algal bloom
(eutrophication)

e plankton suck up CO.,
sink to bottom of sea




Ocean Fertilization: The Azolla Event

e This has (ProPably) happened before!

Temperature of planet Earth —_—
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Ocean Fertilization: The Azolla Event

e This has (ProPably) happened before!

o 50 m.y.a. the oceans filled up with Azolla
ferns that sucked up all the CO,, sunk to
the seafloor, and ended hothouse earth

Temperature of planet Earth I
cmlols| D] clP|Tr[ 3] K | Pal [\ Eocene | oI | Miocene | Pliocene | Pleistocene I Holocene Top W 00 a0
—— Lisiecki and Raymo (2005) & Hansen et al (2013) —— EPICA Dome C, Antarctica (x 0.5) “—— EPICA Dome C, Antarctica ( 0.5) P €02 (ppm)
+14 —— Lislecki and Raymo (2005) & Hansen et al (2013) NGRIP, Greenland (x 0.5) +25
— Marcott et al (2013)
Y Bekcey Earh adocean 20 O b
S 104 o iPccARSRCPBS @
9 o o ]
g +8 i e 415 3 20|
8 +6 8
9] +10 & 30—
2100

E +4 ) E
e 2050 g ® o
3 2
e | 4 C’“ Azolla Event
Ok 4 Permian R o w 0

2 am ROYer et al (2004) - CO2 from GEOCARB( 20) —

—g === Royeretal (2004) - co2 romp —— zach I(zm'&ﬁmsgne uzou; i . . g ) | { k f k ! I . :

500 400 300 200 100 60 50 40 30 20 10 5 4 3 2 1000 800 600 400 200 20 15 10 5 0
o 5 Millions of years before present Thousands of years before present (2015 CE)




Ocean Fertilization

Pros:

Iron
Fertilization

+ good enough for the
early Cretaceous

Cons:

carbon sequestration may
be temporary (upwelling)
might fuck up the entire
ocean ecosystem, whoops
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Bioenergy + Carbon Capture
& Storage (BECCS)

e Combine bioenergy

with point-source
carbon capture

Bioenergy with carbon capture and

storage (BECCS)

f@*%

% ... 1 Biomass (trees,
\ ; energy crops or plant
A waste) absorbs CO2
¥ wh|Ie growing

2 Biomass harvested
and burned for energy

3 In the burning process, CO2
is captured and stored in under-
ground geological reservoirs

@O Source: earth.org, berkeley.edu



Bioenergy + Carbon Capture
& Storage (BECCS)

Pros: Ccons:

carbon-negative — high land & water use

energy generation!  _ competition w/ food crops

point-source capture
is easier than DAC

— associated costs & risks
of CO, sequestration



Biochar Carbon Removal (BCR) aka
Pyrogenic Carbon Capture & Storage (PyCCS)

e pyrolyze plant
biomass into solid
biochar or liquid bio-oill

e spread biochar on
fields, inject bio-olil into
ground




Biochar Carbon Removal (BCR) aka
Pyrogenic Carbon Capture & Storage (PyCCS)

Pros: Cons:
+ solid, liquid C are much - pyrolysis is inefficient,
stabler sequestration energy-intensive

than CO, injection
+ can use waste biomass
+ biochar is probably
good for solil health

— limited scalability to just
bio-waste pyrolysis

— bio-oil is not very useful



Afforestation

biomass
(150 t ha1)d

e what if you g
grew a forest -

(0.5t Chalyrl)?®

4

t h a t, d b e o T
‘ (5 tha?)¢
B RO X ,
1\ 1yf
il ﬂ (0.5thal)® (5tha)

soil
(120t hat)?

(90t ha!)?

Perspect. Plant Ecol. Evol. Syst. 2015, 17, 301.



Afforestation

Pros:

+ it's a forest (:
+ ecosystem benefits

+ fights desertification

Ccons:

not all that land-efficient

competition w/ food &
bioenergy crops

difficult to quantify total
carbon removed



What are the commonalities?

e capturing CO,
takes energy
o there are always
costs (financial .
and opportunity) } N

<

rtili- affo_rest-

e the carbon has to ation
go somewhere




What are the differences?

@a @A‘
e i
biochar capture
" A

| ocean ‘
fertili- afforest-
. ation
‘ zation

How much does it cost?
How is the C stored?
How scalable is it?

How measurable is

the carbon drawdown?
Are there other risks?




What are the differences?

@ engineered @
CDR
/| N,/
7 N/ N\
Pyces/ o
biochar capture
" A
cean ‘
fertili- afforost
‘ zation aroh

How much does it cost?
How is the C stored?
How scalable is it?

How measurable is

the carbon drawdown?
Are there other risks?




Measurement, Reporting, Verification

e Carbon removal is only as good as the proof
that it removed CO,, from the atmosphere

Carbon removal funding by approach

Comparison of carbon removal company
venture funding (SM) across approach category

$2,500M~
$920M
i
Carbon
1,500+ Accounting

$1,193M $65M

1,000 Carbon Utilization

5001

Carbontech Measurement Accounting &
Marketplaces

Based on a new analysis at least 90% of
Verra's rainforest carbon credits do not
represent real emission reductions

Each credit is equal to one metric tonne of CO2
equivalent

94.9m 5.5m
carbon credits real emissions
claimed reductions

Guardian graphic. Source: The Guardian analysis based on a significant
percentage of the projects as looked by West et al studies and Verra
registry (accessed in August 2022). All figures are estimates. West et
al 2023 is a pre-print. Note: Verra's claims versus analysis of
independent scientific studies

We looked at the 50 carbon offset projects which have
sold/retired the most credits

These projects total 343m retired credits, nearly one-third of the entire voluntary offset
market.

Eightare
potentially
junk

61m credits

Three lack
information
15m credits

Guardian graphic. Source: Guardian/Corporate Accountability analysis using raw data from AlliedOffsets database.



Geoengineering

Carbon Dioxide Removal

7 7 7
L X X I X g

7
*®

7 7
L X X4

(CDR / “negative emissions”)

Direct-air capture (DAC)
Enhanced weathering (EWR)
Biomass carbon removal
(BECCS/BICRS)

Pyrolytic carbon removal
(biochar, PyCCS)
Afforestation / desert greening
Ocean carbon removal

(DOC, OAE, etc.)

Solar Radiation Management

7 7 7 7
A X AR X R X S X4

7
L X4

7
L X4

7
L X4

7
L X4

(SRM / “solar geoengineering”)

Stratospheric aerosol dispersion
Cirrus cloud thinning

Marine cloud brightening

Orbital mirror deployment

Others
Surface albedo enhancement
Glacier stabilization
Coastal engineering
Other, even dumber ideas



e
- . . =
Keeping Things Cool: The Albedo Effect olar Climate § 600K
The albedo effect — the reflectivity of sunlight on various . o
surfaces — is important in keeping the Earth cool. Clean, white Thermopause
clouds and fresh snow and ice reflect the most sunlight, while ,e n t I o n M et h Od S
exposed land, water and vegetation have 180km
diminishing returns. Here's a look at
several examples found in nature: White clouds
50-90%
160km
Fresh snow on ice g
85-95% 5 140km
g
Soil/exposed ground - g
5-30% Bare ice =
Forests S 120km
5-20% Aurora
) 10-16 km
: —
fA‘ ‘fm
Tropopause 100km
Grassland,
crops
10-25% "
“‘ “ ¢
' 80km
W
60km
/ Stratopause
OCEANS ARCTIC " 40km
The oceans act as a heat sink, The more snow and ice there is, r 2 oD
absorbing nearly all sunlight and the less heat is absorbed. But as - N ’ A
reflecting barely a tenth back (at reduced snowfalls and snow B Balloons
zenith). Warm water hastens the pack leave more ground : 5
melting of icebergs and ice floes. exposed, more heat is absorbed, e . 5 5 B 20km

Oceans expand as they warm, exacerbating snow melt.
resulting in rising sea levels.

Note: lllustration is diagramatic and not to scale.







Stratospheric Aerosol Injection (SAl)

e SO, is dispersed in
stratosphere

e SO, forms clouds of
sulfuric acid, H,SO,

e H SO, clouds are
reflective (high albedo)




Stratospheric Aerosol Injection (SAl)

[ SOZ iS dispersed in Stratosphere e Destruction

HNO,
hv Albedo

stratosphere T f 52 ;fgg»t oo,

e SO, forms clouds of \“*“ =
: . “. Nucleation  coagulation (S:ﬁggraizgition,
SU'fU”C aCId, HZSO4 \o | ﬁucleactl;cl.)nc:—/
e H SO, clouds are
reflective (high albedo)




Stratospheric Aerosol Injection (SAl)

—

2500
2000

1500
1000

118°E 119°E

Indonesia
April-July 1815

Mt. Tambora erupts

59.75 7
-
1820 AD

60.50

61.25 <
1815 AD

depth (m)
3]
8

—
1810 AD
62.75

65.30

0.0 1.0 2.0 3.0 4.0 5.0
sulfate concentration

iterally a man-made volcanic winter

1816 Summer Temperature Anomaly

Europe
1816

“The Year Without a Summer”



Stratospheric Aerosol Injection (SAl)

Pros: Cons:
+ comparatively cheap — many, many undesirable
+ say what you will side effects
(and I'm about to) — exact magnitude of effect
but it will almost IS very hard to estimate
certainly lower average _ tormination shock

global temperatures (it's as bad as it sounds)



Stratospheric Aerosol Injection: Risks

e Asian/African monsoon cycle disruption

o 1783 Laki eruption (lceland) caused famines in
Japan, Egypt, India

e Sulfate deposition (acid rain)
e Reduced cloudiness — regional warming

e Polar stratospheric ozone depletion
o Antarctic ozone hole hasn’t healed, would reopen




Stratospheric Aerosol Injection: Uncertainties

e Secondary effects on greenhouse gases:

o Increased lifetime of atmospheric methane
o Increase in stratospheric water vapor

e \/ariable effect on cirrus cloud formation

e Nonlinear relationship with injection quantity
o 2x as much SO, # 2x as much cooling

e \ery sensitive to latitude/altitude of injection
e Risk of undershooting OR overshooting target



Termination Shock

> |f you stop injecting
SO, all the warming
you avoided comes
back within 1-2 years

Surface temperature (°C)

Precipitation (mm day™)

Temperature (land) b Temperature (ocean)
125 21.0
— RCP4.5
— G4 geoengineering
12.0 4 20.5 o
115 4 20.0 H
11.0 4 19.5 o
10.5 H 19.0 H
10.0 ,\\,.. 18.5
9.5 ; . . 18.0 . .
Precipitation (land) d Precipitation (ocean)
2.20 3.45
2.15 3.40 /\ﬂx/\f\’
210 M 3.35 - M/\/\/\/J\N
2.05 o 3.30
2.00 T T T 3.25 T T T
2020 2030 2070 2080 2090 2020 2030 2070 2080 2090
Implementation Continuation Termination Implementation Continuation Termination
Year Year

Nat. Ecol. Evol. 2018, 2, 475.



Make Sunsets

e startup doing unlicensed aerosol injections

Mexico cracks down on solar
geoengineering, forcing startup to
pause operations

HED WED, JAN PDATED WED, JAN 18 2023-4:41 PM EST

Mexico bans solar geoengineering
experiments after startup’s field tests

/ The startup tried to launch
sulfur dioxide into the
stratosphere from Baja California,
and now, the government of
Mexico is cracking down.

FIRST SAI DEPLOYMENT IN THE USA




Cowboy Geoengineering

e Make Sunsets is:

o Luke Iseman

(BS Economics, Penn)
o Andrew Song

(BS Economics, NYU)

e No meteorologists
e No detection or MRV

o “Our customers don’t care about that”
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Marine Cloud Brightening (MCB)

e have ships spray a
mist of seawater

Into marine clouds

o sea salt particulate
helps condensation
> brighter, more

reflective clouds

PHYsICAL SCIENCE CHECKPOINTS IN
MARINE CLOUD BRIGHTENING RESEARCH

Current state of scientific
knowledge about MCB

-\, Generation & Delivery
° Exit if infeasible to generate
-é} and deliver particles of the
proper size.

)

Local Cloud Adjustments
Exit if reductions in cloud
water substantially offset

microphysical brightening.

Scale of Susceptible Clouds
Exit if clouds susceptible to brighten-
ing do not consistently occur at the

necessary regional or global scales.

Signal Detection
Exit if changes would not be detectable
| from space within a timeframe that

—: Wou/zf llow for changes in response to
new conditions or concerns

Large-scale Circulation Response

Exit if risks of unfavorable cloud, temperature, or
precipitation changes from heterogeneous bright-
enmg outwelgh those from unmmgated warmmg

0 P V.
/J’J‘e/))//k?f/oﬂ of. ol Y- -Rele) ant A’ﬂaW/eo’ (3
: g

——

Marine Ecosystem Impacts
Exit if risks to coastal communities and to
Q‘ marine ecosystems and chemical cycles
outweigh those from unmitigated warming.




Marine Cloud Brightening (MCB)

Pros:

+ more benign than SAI

+ rapid climatic response
(weeks) vs. SAI (years)

+ quite likely to work
(maybe already
happening)

cons:

not very well-understood
more expensive than SAl

effects fairly localized
(regional cooling)

unclear ecosystem effects
termination shock, still



Accidental Maritime Geoengineering

New regulations from the International Maritime
Organization (IMO) limiting sulfur emissions from the
shipping industry are expected to have large benefits in
terms of public health but may come with an undesired
side effect: acceleration of global warming as the
-~ climate-cooling effects of ship pollution on marine
| clouds are diminished. Previous work has found a
“¥ substantial decrease in the detection of ship tracks in

comen clouds after the IMO 2020 regulations went into effect
L © s [...] we confidently detect a reduction in the magnitude

Lovins — 3;;.55‘?&& of cloud droplet effective radius decreases within the
o ,— Id:mem #~ shipping corridor and find evidence for a reduction in

S
A3
LT

the magnitude of cloud brightening as well.

shipping

Atmos. Chem. Phys. 2023, 23, 8259.
https://doi.ora/10.5194/acp-23-8259-2023



https://doi.org/10.5194/acp-23-8259-2023
https://doi.org/10.5194/acp-23-8259-2023
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Cirrus Cloud Thinning (CCT)

L} | ] = A
® ( : I rru S Cl O u d S WI S How seeded cirrus clouds could cool the climate
) Cirrus clouds reflect some sunlight and absorb long-wave radiation; on balance, they warm the climate.

Cirrus cloud thinning aims to change the radiative properties of cirrus clouds by reducing their lifetime and
the altitude at which they form.

h|g h-a|t|tude) RAVE 8 NEt wentsomsans = | coscouttionng  Lap st
on ice-nucieating
Sol

warming effect

@)

olar ' particles
radiation '
,"” A 5
£ /| Sec
6. /\ SR

unlike other clouds, trap
more heat than they reflect
seed cirrus with aerosols
to reduce warming effect



Cirrus Cloud Thinning (CCT)

Pros: Cons:
+ probably safer than SAlI - ...might cause warming lol

Cirrusiseedinglopenlguestions >

really not well-understood

— unclear effects on
precipitation (rainfall)

— termination shock is really
just kinda intrinsic to SRM










SPACE MIRRORS

e just put a big-ass
mirror in orbit?
e stop overthinking it




SPACE MIRRORS

Pros: Cons:
+ definitely would work ~ dear god, how much
(with enough mirrors) would this cost
+ minimal ecosystem risks ~ ~ €missions footprint of

launching that many

+ would be extremely funny satellites might be large

— do you even hear yourself



Surface Albedo
Modification




urface Albedo Modification

e Just paint your roof white!
e Not geoengineering,
according to the IPCC

Highly Reflective
Roof 0.60-0.70

Corrugated ~ 0.15-0.35
w'?fo— 0.15

Colored Paint  050-090  Roof003-018 _

Red/Brown Tile
Roof 0.10 -0.35

White Paint  Tor & Gravel

Keeping Things Cool:The Albedo Effect

The albedo effect — the reflectivity of sunlight on various
surfaces — is important in keeping the Earth cool. Clean, white
clouds and fresh snow and ice reflect the most sunlight, while
exposed land, water and vegetation have

diminishing returns. Here's a look at

several examples found in nature: White clouds

Fresh snow on ice
%

Soil/exposed ground

5-30% Bareice
Forests S0%
5-20% oo
Sand ea ice
20-40% ‘Alt X 60%
i
Ocean Grassland,
R crops
10% 10-25%

b ek
A‘A‘f"

OCEANS ARCTIC

The oceans act as a heat sink, The more snow and ice there is,
absorbing nearly all sunlight and the less heat is absorbed. But as
reflecting barely a tenth back (at | reduced snowfalls and snow
zenith). Warm water hastensthe == pack leave more ground
melting of icebergs and ice floes. exposed, more heat is absorbed,
Oceans expand as they warm, exacerbating snow melt.
resulting in rising sea levels.

Note: lllustration is diagramatic and not to scale.

SOURCE:InsideClimate News research PAUL HORN / InsideClimate News
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Surface Albedo Modification

Pros:

negligible side effects
lower heating bills
definitely works

mitigates urban heat
island effect

Ccons:

— really not enough by itself




Geoengineering

Carbon Dioxide Removal

7 7 7
L X X I X g

7
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7 7
L X X4

(CDR / “negative emissions”)

Direct-air capture (DAC)
Enhanced weathering (EWR)
Biomass carbon removal
(BECCS/BICRS)

Pyrolytic carbon removal
(biochar, PyCCS)
Afforestation / desert greening
Ocean carbon removal

(DOC, OAE, etc.)

Solar Radiation Management

7 7 7 7
A X AR X R X S X4

7
L X4

7
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7
L X4

7
L X4

(SRM / “solar geoengineering”)

Stratospheric aerosol dispersion
Cirrus cloud thinning

Marine cloud brightening

Orbital mirror deployment

Others
Surface albedo enhancement
Glacier stabilization
Coastal engineering
Other, even dumber ideas
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How FAR wouu> YOU 60 TO PREVENT A
ClVlLlZATION"ENDING EXTINCTION EVENT‘P
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"V“SAHEL/ SRS YW
- WESTAFRICAN MONSOON. Ny s ‘

GREENING ‘ LOW-LATITUDE CORAL REEFS
“ ! DIE-OFF

WHAT ABOUT A 50% CHANCE OF AN EVENT?

MOUNTAIN GLACIERS

s A 10% CHANCE?

\
EAST ANTARCTIC
WEST ANTARCTIC . g T NIARC TGS SUBGLACIAL BASINS

___ ICESHEET 2§
S COLLAPSE 28

GLOBAL WARMING THRESHOLDS
“2°0 > 2-4°C A >4°C

Science 2022, 377, eabn7950.




Discussion Questions

e \What role does CDR play in reaching net-zero?

o What metrics should we optimize for?
o What kinds of CDR should we use?

e \Who should decide iffwhen SRM is deployed?

o What kinds of SRM are we willing to tolerate?
o How should a global community regulate / oversee SRM?

e Does climate alarmism / doomerism increase
affinity to radical / high-risk solutions?



