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These slides will walk through how to understand, evaluate, and address fossil

fuel use and climate change
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Readers with a deep understanding of climate science are encouraged to skip ahead,
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TABLE OF CONTENTS How We Got Here What's At Risk How We’'ll Fix It

This section explores why, and how quickly, Earth’s climate is warming
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THE GREENHOUSE EFFECT How We Got Here What's At Risk How We’'ll Fix It

Greenhouse gases work as a one-way door, letting more energy enter Earth’s
atmosphere than they let escape, so more greenhouse gases mean higher heat

Visible sunlight passes
straight through atmosphere

,,,,,,,,,,,,,, Reflected
visible
light

Greenhouse gases let visible
light through but absorb IR,
trapping its energy and
————————————————————— warming the atmosphere?

@ Impact ;.'

Incoming
visible light

Some visible light is reflected
by surface, but some is
converted to infrared (IR) [ §

@ Absorb ©©© Repeat

'\T/’

@ Re-Emit <—"..—>

/l\

Human eyes can’t see IR,
but we can feel it coming off
a campfire or a hot stove

Outgoing
IR light

. N ... Twitter @StephenMettler
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EARTH’S THERMOSTAT How We Got Here What's At Risk How We’'ll Fix It

The amount of greenhouse gas, especially carbon dioxide (CO,), in the
atmosphere has been the core driver of climate variation over Earth’s history

“Pre-Industrial” Baseline WE ARE HERE

1850-1900 Earth Average?
: 2020 Earth +1°C

Last Ice Age -4°C

! , ‘ - Over 1/3 rise in atmospheric Co,
Peaked 20,000 years ago; ended 0 Ak T since pre-industrial age*

with shifts in Earth’s orbit and
large volcanic CO, emissions?

ffffffffff Last Time at Today’s CO,+3°C

Earth Average

Temperature — (G
&w Higy / \‘

e

3M years ago; the extra heat also
resulted in 50+ feet higher seas®

“Snowball Earth” -25°C Eocene Earth +7°C

750M years ago, Earth’s interior G | 50M years ago, high CO, brought

absorbed almost all CO, from ‘ hot climate; the green, forested

atmosphere, freezing surface? ‘ islands are Australia and Antarctica®
phere, Ji g surf Worst-Case Earth +10°C

Burning all known fossil fuels could
raise average temperature this much’

Temperatures are relative to the “Pre-Industrial” Baseline,; -25°C=-45°F, -4°C=-7.2°F, +1°C=+1.8°F, Twitter @StephenMettler
+3°C=+5.4°F, +7°C=+12.6°F, +10°C=+18°F, link for citations and additional notes CC share with attribution
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THE CARBON CYCLE How We Got Here What's At Risk How We’'ll Fix It

Carbon moves naturally between Earth’s interior and atmosphere, but human
fossil fuel emissions massively exceed the natural cycle rate

~ Atmosphere @ - | +5Gt/year added +5 Gt/year absorbed by

Total carbon stored in CO,! to atmosphere soil, plants, and ocean*
Pre-industrial 2020 < >
600 Gt 870Gt
& J
NATURAL CARBON CYCLE FOSSIL FUELS
~0.1 Gt/year exchanged? 10 Gt/year emitted?
” . s ) iy
~ Volcanoes £ ~N Weathering =2 N Fossil Fuels &
Volcanoes release CO, dissolves in rain, falls into bead plant and animal matter gunk o
. . bottom of oceans and swamps is
carbon dioxide from ocean, and reacts to join . .
S . compressed over millions of years into
Earth’s interior into molecules that sink to seafloor .
. coal, oil, or gas; humans extract and
atmosphere and compress into rock layers . .
burn it to release its stored energy
\_ y,
\ Earth Interior
Gt = Gigatonne, 1 billion metric tons. Values are for carbon (C), which is 27% of a CO, molecule’s Twitter @StephenMettler

mass, so humans emit ~10 Gt/year of C but ~40 Gt/year of CO,. Link for citations and additional notes CC share with attribution
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HUMANS WIN CARBON EMISSIONS

How We Got Here What's At Risk

How We’'ll Fix It

Humans are raising atmospheric CO, at the fastest rate since before complex life

evolved on Earth — if not in Earth’s entire history

Atmospheric CO, and Antarctic Temperature Ice Core Data'

ﬁ)<—

Carbon Dioxide (ppm?) Homo Sapiens emerges®  Antarctic Temperature (°C)

300 - .y 1 | b |
250 - oy 4 -.-"'.';.-. i ™4 Fa g 'I?-‘ Itt'll" III TN LT | Vo ¢ lﬂ-— *S
- d‘; M 2% I WM :r\ gt u\-l’-?'-{;'! J I'nlll.'-l"- N 1‘\"“:;& i x:]ﬁ 1‘. | hl",f m *1 'J -0
200/ A egmd T T aid  OMA W W Wa) T AR
800,000 600,000 400,000 200,000 0 (1950)
Years before 1950

Humans Are Crushing All-Time Emissions Records

WE ARE HERE

2019 average CO,
410 ppm?

We’re raising CO, so
fast that the line
looks vertical on this
timescale

S % Team Nature

-

N

Paleocene-Eocene Thermal Maximum 55M Adding around 2.5 ppm/year of CO, to the

years ago, most severe known natural atmosphere,> we’re on pace to double CO,

heating event in Earth’s history, peaked at over 150 years;® if this rate has happened

0.2-0.7 ppm/year emissions that at least before on Earth, it was likely over 700M

doubled CO, over 6,000 years* years ago, before complex animals evolved’
J

w? Team Human

Link for citations and additional notes

Twitter @StephenMettler
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OUR EMISSIONS’ PACE AND PRICE

450

250 1

Total Atmospheric CO, Levels?
Parts Per Million (ppm)

}
{2040 460 ppm?
’\I 2019 Net Emissions Rate:

€ 2020 410 ppm

4 2000 370 ppm

O 4
1980 340 ppm

1960 315 ppm

" +50 ppm over 20 years

+40 ppm over 20 years

7 +30 ppm over 20 years
T +25 ppm over 20 years

Pre-Industrial 280 ppm

+95 ppm natural emissions

over 20,000 years

@ Last Ice Age 185 ppm
150 1

Link for citations and additional notes

What's At Risk How We’'ll Fix It
Since the Industrial Age began, we’ve pumped more and more CO, into the
atmosphere, driving global temperatures up faster and faster

Year

Global Temperature Change
Difference From 1951-1980 Average?

2000 -
1980 - Earth’s six
warmest years in
1960 - recorded history:
2015
_— 2017
1920- __ = 2018
e 2019
1900 - —— 2020
1880-

04 0 04 08 12
Difference (°C)

Twitter @StephenMettler
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THE PARIS ACCORD WON’T SAVE US How We Got Here What's At Risk How We’'ll Fix It

The Paris Accord, the most comprehensive international climate agreement in
history, will not keep warming below 2°C even if all its current targets are met

Paris Accord Paris Accord Where We're
(In Theory) (Optimistically) At Now
* Signed in 2015 by almost every * Despite pledge, countries’ plans * Even worse, many signatories are
country on Earth for emissions cuts aren’t enough failing to meet their already
e e o to hold us even to 2°C insufficient national plans
* “Binding” pledge to limit average
global temperature rise to 1.5°C * Evenifall current plans are fully * If current policies continue,
to 2°C above pre-industrial met, temperature is projected to temperature is projected to rise
temperatures rise 2.5°C-2.8°Cby 2100 2.8°C-3.2°Chy 2100

Global Heating Pathways by 2100*

80
%0 Past Emissions 2.8Cto3.2°C
' All Current Pledges Met

Annual Emissions, Gt CO,e

20 !
¥ Net Negative Emissions S ———— 1.5°C Pathway
1990 2020 2100
Relative to pre-industrial temperatures, +1.5°C=+2.7°F, +2°C=+3.6°F, +2.5°C=+4.5°F, +2.8°C=+5.0°F, Twitter @StephenMettler

+3.2°C=+5.8°F; link for citations and additional notes CC share with attribution
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TABLE OF CONTENTS | How We Got Here > IR ST A0 How We'll Fix It

This section explores the huge damage fossil fuels and climate change wreak
today, and the threats they pose to our future

i How We Got Here Slides 3-9

What's at Risk Slides 10-19

Climate Change Weather Report 11

Extreme Weather Key Argument

o edorot 12-15 _ .
peedometer Fossil fuels unleash severe pollution and

— climate damage, making Earth a more

Feedback Loops 16-17 hostile home for human life
Fossil Fuel Air Pollution 18
Our Cost Menu 19

el How We'll Fix It~ Slides 20-28

Twitter @StephenMettler
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CLIMATE CHANGE WEATHER REPORT

| How We Got Here> VI T A% How We’'ll Fix It

Climate change adds fuel to extreme weather events and drives long-term
ecosystem damage, reshaping Earth to be more hostile to humans

Climate change’s weather effects can be broken into

fire and water

(G
-.’
. -~
e

.

0) P

Heatwaves are fiercer and more
frequent

Droughts are longer and more
severe

~

e
iy

_

Disease-bearing and crop-eating
insects thrive and expand territory

Growing seasons are more erratic;
higher CO, reduces crop nutrients

v

ir Threats to human life

m Fiercer wildfire seasons .,t Collapse of ocean ecosystems

EXTREME
WEATHER

STEADY
DAMAGE

IMPACTS

___________ . ‘

In warmer air, it takes longer for
rain to build up, then rains harder

Warmer oceans feed more energy
into bigger, stronger hurricanes

Melting ice and snow, and heat
expansion of water, raise sea level

Ocean water is hotter and more
acidic, threatening marine life

Vﬁ Disruptions to agriculture

s increased flooding

=4l Submerged coasts

&J More infectious disease @ Destroyed freshwater sources

Link for citations and additional notes
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EXTREME WEATHER SPEEDOMETER (1/4) |HowWe Got Here > ZRWHETEYAE K¢ How We'll Fix It

We can visualize any region’s weather as a speedometer, with rising global
temperatures expanding the extreme zones and making them more severe

\ Case Study:
Pre-Industrial California Today

California has natural wildfire Climate change especially raises
seasons, so “fire” risk is already California’s “fire” risks through
higher than “water” risk devastating wildfire seasons

Weather swings year to
year, like a needle on a
speedometer

Normal Weather |

. Climate change raises
I/' T e the chance of hitting /
/ \ extreme weather... :

b Y 1, \ /
‘ ’ ...and raises extreme I 0) "

Extreme Extreme weather’s severity
Weather Weather Worst case H—>H | D,

Note that these charts are a visualization tool — the actual number values are hypothetical. Link for Twitter @StephenMettler

citations and additional notes CC share with attribution 12
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EXTREME WEATHER SPEEDOMETER (2/4) |HowWe Got Here > ZRWHETEYAE K¢ How We'll Fix It

California’s 2010s gave a terrible forecast of the damage that more volatile and
severe extreme weather can do, even in the world’s wealthiest country

a Brutal drought set stage for devastating wildfire
. . seasons; 9 of CA’s 10 largest fires on record have
California, 2011-2020 2011-17" peen since 2012, and top 7 since 20171

a Severe rainfall nearly broke CA’s 24 largest
reservoir, which would have unleashed massive

o 2016-17 floods; 180,000 people evacuated?

e CA’s most destructive fire season in recorded
history, with 2M acres burned, 100 people killed;?
2018 | (o5t estimates range from 524B to 535084

a Moderate weather, only 0.3M acres burned”
2019

a CA had over 4M acres burned,® shattering the
2018 record for its largest fire season in modern

2020 history

Link for citations and additional notes, including analysis of human activity aside from climate change Twitter @StephenMettler .
that has also contributed to CA’s increasingly severe wildfire seasons CC share with attribution
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EXTREME WEATHER SPEEDOMETER (3/4) |HowWe Got Here What's At Risk How We'll Fix It

t’s hard to prove exactly how much climate change accelerates any specific
weather event, but the evidence of escalating extreme weather is irrefutable

Extreme weather has happened naturally throughout human history, so how can we be
sure that recent extreme events really are accelerated by climate change?

v

Event attribution is rapidly improving?

» A 2018 heatwave in Japan caused 1,000+
,./1 deaths and was assessed as impossible
without human-caused climate change?

Conditions for Australia’s catastrophic 2019
wildfires are now at least 30% more likely
than without human-caused climate change?

v

A fierce 2020 heatwave and wildfire season

w in Russia was assessed as “nearly impossible”

without human-caused climate change®

Link for citations and additional notes

v

Overall trends are clear

Scientific evidence confirms
that climate change worsens
the natural conditions that
cause extreme weather?
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EXTREME WEATHER SPEEDOMETER (4/4)

| How We Got Here> VI T A% How We’'ll Fix It

Extreme weather can shake the world’s wealthiest nations or tilt already-
struggling countries into chaos, setting off global crises

Southeast U.S., 2017 ~J

Syria, 2006-2011  (_~

 Back-to-back Harvey, Maria, and Irma were the 2",
3" and 5t costliest hurricanes in U.S. history!

» Combined costs of over S250B exceeded Katrina, the
worst U.S. hurricane ever, by S35B2

* Maria devastated Puerto Rico, killing at least 3,000
people; recovery is still ongoing in 2020°

----------

 Syria’s worst drought in recorded history destroyed
farming, wrecking economy and food supply, and
helped spark the 2011 eruption of civil war*

* Out of prewar population of 22M, the ongoing war
has killed over 400,000, internally displaced 6.2M,
sent another 5.6M refugees abroad, and driven
years of global crisis>

|

Yemen, 2015 (Y

1 Australia, 2017-2019 =
e |

* Two cyclones, one the first hurricane-strength storm
to hit Yemen in recorded history, hit within 10 days®

* Heavy rains fueled locust infestation that devastated
crops,’ deepening famine

* Worsened ongoing civil war and UN-declared worst
humanitarian crisis on Earth, with 24M people — 80%
of Yemen’s population —in need of aid®

* Drought began in 2017 and led up to 2019, the
driest spring and hottest year in Australia’s history,
setting off catastrophic wildfire season®

* Fires burned a land area the size of England, killed
hundreds of people, killed or displaced 3B animals,
and sent clouds of smoke around the entire planet'®

Link for citations and additional notes
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FEEDBACK LOOPS (1/2) |HowWe Got Here > ZRWHETEYAE K¢ How We'll Fix It

Rising temperatures fuel natural processes that lead to further heating, creating
vicious cycles that could send climate change spiraling out of control

Human fossil -> ...s More greenhouse -> @L’ Higher global
/!

Core Climate
Change Steps

== fuel emissions gases in atmosphere temperatures

/

Increased greenhouse
gas emissions / Faster thawing

: -
Thawing Permafrost Collapsed permafrost in Russia

Almost 300 4 Advancing 30 |
feetdeept

spans 6B acres in Earth’s north, covering

i Year-round frozen soil called permafrost
buried remains of ancient grasslands

carbon — about twice as much as is in Over 3000

a Permafrost locks away 1,600 Gt of
the entire atmosphere today feet long

As rising temperatures melt permafrost,
g P P f (Values as of

O'Z—%D it releases huge reserves of greenhouse e Febriiary 2018)
gases CO, and methane?

Permafrost emits 0.3-0.6 Gt of carbon per year,3 roughly as much as Australia,* plus methane, an even
stronger greenhouse gas,> the more Earth warms, the faster this accelerates, driving even more warming

Twitter @StephenMettler

Link for citations and additional notes CC share with attribution | 1©


https://creativecommons.org/licenses/by/4.0/deed.en_US

FEEDBACK LOOPS (2/2) [How We Got Here How We'll Fix It
Rising temperatures fuel natural processes that lead to further heating, creating
vicious cycles that could send climate change spiraling out of control

- JA_ Human fossil .'. More greenhouse Higher global
L LY . = . -> '
fuel emissions gases in atmosphere temperatures

Increased global
heat absorption

Core Climate
Change Steps

Faster melting

. . 1
North Pole satellite image Melting Sea Ice

has shrunk 13% per decade since 1979,°

% As Earth has warmed, Arctic summer ice
AN and may be entirely gone by 20353

Bright snow-covered ice reflects 90% of

\é; sunlight and absorbs 10% as heat; dark
seawater reflects 6% and absorbs 94%*

The more ice melts into the ocean, the
& more heat the water absorbs, melting
even more ice and further heating Earth

Research suggests that increased warming driven by melted ice has added about 25% as much heating
as the rise in atmospheric CO,, seriously accelerating global warming and driving further melting”

. L . Twitter @StephenMettler
Link for citations and additional notes
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FOSSIL FUEL AIR POLLUTION | How We Got Here > IR ST A0 How We'll Fix It

Even leaving climate change aside, fossil fuels cause devastating global human
and economic damage through air pollution

S2.9 trillion

Annual global economic damage of air

llution, | to 3.3% of global GDP*
pollution, equal to 3.3% of globa i $900B (6.6% of GDP)
1.8M premature deaths

National Annual Air Pollution Costs?

ir Premature Death

Air pollution is the world’s 4" leading risk factor **! India $1508B (5.4% of GDP)
—  for death, linked to 5M deaths in 2017, with 1M premature deaths

huge human and labor force costs
w U.S $600B (3.0% of GDP)
" 230,000 premature deaths

@ Lost Work Hours |

Even non-lethal air pollution health effects can

— | undermine productivity; air pollution drives
1.8B days of work absence per year The U.S. alone could save $37T in 2020-

2070 pollution and climate impact costs, or
S$700B/year,? if the world adopts enough

k& Healthcare Costs e . .
clean energy to limit warming to 2°C

Air pollution imposes huge health burdens on
—* | societies, including 4M new child asthma cases,
2M pre-term births, and chronic sickness

Relative to pre-industrial temperatures, +2°C=+3.6°F; link for citations and additional notes
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OUR COST MENU | How We Got Here > IR ST A0 How We'll Fix It

Moving beyond fossil fuels will require huge investment, but will be vastly
cheaper than continuing to endure their side effects

Additional Investment Needed The Price We're Paying

To limit warming to 2°C For continuing to depend on fossil fuels
< >

Estimated global

$2.9T per year? | economic costs from
fossil fuel air pollution

$15T 2020-20501
(S5008B per year)

* Plan adds $S15T to $S95T in already-
expected energy investment by 2050,
with increased focus on clean tech

P Projected 2020-2100
S69T 2020-21003 | climate change

4 ($863B per year) | damageseven if we

« Each S1investedis expected to bring
only warm by 2°C

$3-$S7 savings in reduced pollution
costs and cut fossil fuel subsidies?

Will expand if we keep pace to warm over 2°C

The faster we develop a renewable economy, the more we will savein the long run by
reducing the crippling human and economic damage of air pollution and climate change

; : . . . . . Twitter @StephenMettler
Relative to pre-industrial temperatures, +2°C=+3.6°F; link for citations and additional notes CC share with attribution
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TABLE OF CONTENTS |How We Got Here>> What's At Risk How We'll Fix It

This section explores the technologies we can use to cut our dependence on
fossil fuels and to slow, halt, and then reverse climate change

i How We Got Here Slides 3-9

What's at Risk Slides 10-19

How We'll Fix It Slides 20-28

The Path to Freedom 21 Key Argument

The Energy Picture 22 Clean technology is being rapidly developed
— | and deployed, but needs to accelerate even

Renewable Electricity 23-24 faster to meet the threat of climate change

Clean Fuels 25

Negative Emissions 26

Emergency Brake 27-28

Twitter @StephenMettler

CC share with attribution 20
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THE PATH TO FREEDOM |How We Got Here>> What's At Risk How We'll Fix It

The speed of climate change is determined by total CO, in the atmosphere, so
cutting new emissions is only the beginning of our path to recovery

Atmospheric CO, Levels?

Pre-Industrial 1960 1980 2000 Today (2020)
280 ppm 315 ppm 340 ppm 370 ppm 410 ppm
—¢ : g : g : 9— : < —>
275 300 325 350 375 400 425
4 b 2019 Net
Emissions

The wider the gap, the faster Earth’s climate will heat up from its pre-industrial state 2.5 ppm?

Steps to Restoring a Stable Climate

Adopt clean technology to Extract carbon from the Research last-resort
power civilization while atmosphere and store it options that could slow
producing less and less CO, permanently warming to buy more time
Link for citations and additional notes; “Net Emissions” is the total added to the atmosphere, taking Twitter @StephenMettler

21
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THE ENERGY PICTURE

| How We Got Here

What's At Risk How We’'ll Fix It

We can cut emissions by sourcing electricity and other energy from clean
sources, and by using their power more efficiently

Energy Efficiency gp Clean Electricity Clean Fuels

Energy Demand
R
Residential Industrial

i

Commercial Transport

Efficiency investments?
—— give users the same
output for less energy

Link for citations and additional notes, and link to see a version of chart with 2019 U.S. numbers at
each stage. Only shows the top global energy sources (e.qg., excludes geothermal and biomass)

Slides 23-24

Slide 25

LI

How Energy is Used

; Electricity

Energy Sources

Renewable
f | 11

=== Solar

/\]\ Wind

6 Used Directly?

=\ Hydro

\_ J

Clean-ish

@ Nuclear?

I
Slides 23-25 cover how
each type of energy can
be sourced cleanly

Fossil Fuel

@ oil & Coal

o
4 Natural Gas

Twitter @StephenMettler

CC share with attribution 22
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RENEWABLE ELECTRICITY (1/2) |HowWe GotHere>> What's At Risk How We'll Fix It

Renewable electricity is surging due to cost-slashing innovation, but not fast
enough to fully take over global power grids for decades

Energy Efficiency > JOEE[NA[ois[e1aY Clean Fuels

Electricity Generation Levelized Cost?! Global Renewable? Share of Electricity Generation
_ $400 Source 2019 Cost S 2050 Forecasts
5 - o - (1 JUR VS
o ¥ Solar | S40 259%5 .-
T - Wind | $41 < @ Bloomberg NEO* 69%
S >300 I WIN © IRENA 2°C Plans 86%
X I:I Nat’l Gas $56 7] Requires More Investment
()
S $200 € Coal $S109 0% 100%
)
[a
(9]
© $100
Ie) . e . . . .
O Even in an optimistic case with more investment in

SO renewables, the world will still rely on non-renewable

P OO lectricit by 2050
SRS AN IEN TN N electricity sources by
DU SN S S S
Relative to pre-industrial temperatures, +2°C=+3.6°F; link for citations and additional notes, and link Twitter @StephenMettler
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RENEWABLE ELECTRICITY (2/2) |HowWe GotHere>> What's At Risk How We'll Fix It

Power grids can’t fully rely on renewable electricity or maximize its efficiency
until energy storage and transmission challenges are overcome

Energy Efficiency > JOEE[NA[ois[e1aY Clean Fuels

4 ..
@ Storage Challenges % Transmission Challenges

X Sunlight and wind are intermittent and vary O The best renewable energy sites are often

@ widely over days, weeks, and seasons ;\@ remote, like deserts, plains, and offshore
D Current grid-scale battery technology can o o These areas are usually far from cities and
‘ only store up to about six hours of power? A factories where most power is consumed
. 28 As a result, most areas need non-renewable Many countries lack enough long-distance
ﬁ_&% power available to guarantee supply power lines to connect supply to demand?

Emerging Solutions Emerging Solutions
@ A huge range of new energy storage 9 Long-distance power lines need more
solutions? are in development investment and support*
® Extra renewable energy can be used to — Clean fu'els c-an be made at renewable 5
. manufacture clean fuels generation sites and sent to consumers

Electricity grids will require some non-renewable baseload power until these challenges are overcome

Twitter @StephenMettler 24
Link for citations and additional notes CC share with attribution
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CLEAN FUELS |How We Got Here>> What's At Risk How We'll Fix It

Activity that currently depends on directly burning fossil fuels can be converted
to run on renewable-sourced electricity or on clean fuels

Energy Efficiency > >Clean Electricity Clean Fuels

Option 1 Option 2
Convert to Run 6 Example Direct 6 Convert to Run
’ on Electricity Fossil Fuel Uses on Clean Fuels
* Tech like electric vehicles i
and heat pumps can — g Gas<?I|ne
replace fossil fuel systems? o ¢ Vehicles « Modified systems can use
* Once electrified, systems clean fuels like hydrogen,
can use renewable power | «—— (20 —— | madefromrenewable
torun C|ean|y Heating power and water3
H * Further development s
More development is needed 7 =avy —— | needed to cutclean fuel
- 4 ndustry . .
before electricity alone can costs and build supporting
power some needs, like large infrastructure
aircraft and steelmaking? \* Aviation —T

Twitter @StephenMettler

Link for citations and additional notes CC share with attribution | 22
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NEGATIVE EMISSIONS |How We Got Here>> What's At Risk How We'll Fix It

Returning our atmosphere to pre-industrial CO, levels will require massive
global carbon capture and storage using methods that are still in development

Cut Emissions CO, Removal :\,Z*Emergency Brakéﬁ>
Energy Efficiency > >Clean Electricity Clean Fuels Carbon Capture

Major proposed technologies? Expected Cost per ppm Maximum Withdrawal Rate

17 ppm/year

Planting new forests absorbs carbon in $10B-$1008 $17B to $170B

Global Forestation ‘
trees and soil

Bioenergy Carbon Capture and Storage

Burning crops in sealed chambers can $215B-5425B
generate power while capturing carbon

-2.4 ppm/year
S500B to S1T

-18.8 ppm/year

DAC plants draw CO, directly from $215B-S640B 84T to $12T

Direct Air Capture
‘ .
atmosphere using chemical reactions

- The CO, gap is 130 ppm and growing? > | Net Emissions
Pre-Industrial 280 ppm 2020410 ppm | | +2.5 ppm/year?
Link for citations and additional notes; “Net Emissions” is the total added to the atmosphere, taking Twitter @StephenMettler
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EMERGENCY BRAKE (1/2) |HowWe Got Here What's At Risk How We'll Fix It

If we can’t build a sustainable economy fast enough to avert catastrophic
damage, solar geoengineering could buy us emergency time

Cut Emissions CO, Removal Emergency Brake
Energy Efficiency > >Clean Electricity Clean Fuels Carbon Capture

Natural Inspiration?

e — @ Eruption 4 — — @ Dispersal XX — — © Return § —
E 03 ...~ Major volcanic Sulfur compounds float
RN SRR TI . Sulfur compounds fall
P ot . eruptions shoot sulfur around globe and ,
s L . back to Earth’s surface
2L ﬂ. compounds high into reflect small portion of over a couple of years
upper atmosphere!? , cooling Earth?!
\ /L / . J

Solar Geoengineering

— @ Injection € — — @ Dispersal 2 — — © Return § —
O Use high-flying aircraft Same as naturally Same as naturally
CUNC T i | TO release reflective
'C particles in the upper Solar geoengineering could stall warming to buy us
atmosphere more time for building a global renewable economy
\ J

Twitter @StephenMettler
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EMERGENCY BRAKE (2/2) |HowWe Got Here What's At Risk How We'll Fix It

Solar geoengineering could slash the pace of warming at a fraction of the
investment needed to rapidly develop a global sustainable economy

Cut Emissions CO, Removal Emergency Brake
Energy Efficiency > >Clean Electricity Clean Fuels Carbon Capture

Annual Spending (US Dollars)

Estimated! new clean energy investment, on top of reallocating planned

55008 energy investments, needed every year through 2050 to limit warming to 2°C
. . +4+4+4+44+4+44+4+444+44444444444 ,
Actual global investment in ++++4444444444444444 95 gircraft needed
$2823 _ 5 ++4+4+444444444444444 .
new clean energy in 2019 Phiddddatdaaiadaes over first 15 years
For comparison,
Annual cost estimate for geoengineering aircraft fleet to cut FedEx had 679
the rate of further global warming in half starting in 20333 aircraft in 20207
Benefits Solvable Issues Challenges
Fast, cheap, nature-proven May have environmental Reducing threat of climate
method to reduce symptoms of impacts, but tweaks to change may reduce incentive to
climate change methods could avoid these? invest in solving its root causes®

Twitter @StephenMettler
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CONCLUSION

Clean energy can drive far more long-term growth and prosperity than fossil
fuels, and we have a clear roadmap of technology to develop and deploy

Global Heating Pathways by 2100? Our Choice?
(DN 80 =
O Current Policies Dependence
2 60 2.8°C-3.2°C . |
= : : Short-term savings but massive long-term
A Current Pledges pollution and climate change costs, and money
£ 40 ‘ 2.5°c-2.8°c ]| wasted maintaining fossil fuel infrastructure
%)
£ 20
cEﬂ Freedom
2 0 2°C Pathway . Investment buys clean growth, huge savings
= 1.5°C Pathway from avoided damages, and a path to a stable
20 Earth that protects humanity’s future
1990 2100

Our Technology Roadmap

Energy Efficiency Clean Electricity Clean Fuels Carbon Capture

Pathway temperatures are by 2100, relative to pre-industrial temperatures; +1.5°C=+2.7°F, Twitter @StephenMettler
+2°C=+3.6°F, +2.5°C=+4.5°F, +2.8°C=+5.0°F, +3.2°C=+5.8°F; link for citations and additional notes CC share with attribution
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APPENDIX: FOLLOW-UP TOPICS

As a primer on how climate change works and how we can solve it, this piece
sets a foundation for a wide range of potential follow-up research

Policy Options With Great Power... Who Wins, Who Loses Where to Spend
Carbon pricing and other Which countries are Which countries will gain Ranking clean
policy incentives for most responsible for and lose most from the technologies by cost-to-
clean growth fighting climate change? clean tech revolution? potential-benefit
I_* I_* +_l > ]

I 1

Energy Efficiency gp Clean Electricity Clean Fuels Carbon Capture

Food Chain Efficiency Power Storage How to Catch Carbon Geoengineering 101
Tech that could slash the Potential breakthrough The full, wild range of Deep dive on potential
food supply’s energy use energy storage tech carbon capture solutions geoengineering solutions
The Nuclear Debate Clean Fuel Economy
How smarter power grids could Should nuclear power be part of The potential green hydrogen and
revolutionize electricity use our zero-carbon energy mix? synthetic clean fuel markets

This is a small sample of the many questions we need to investigate, and answer, to
free ourselves from fossil fuels and restore a stable climate

Twitter @StephenMettler
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APPENDIX: THE ENERGY PICTURE

This is a walkthrough of the slide 22 “Energy Picture” chart, using 2019 U.S.
numbers, to give a sense for the scale of the decarbonization challenge we face

2019 U.S. Energy Production and Consumption?
(In quadrillion British Thermal Units)

Energy Source Energy Use Energy Destination?
Renewable 85 6.3 I
555 Solar R a “ .
N . 291 239 Industrial
1~ Wind :
=)_ Hydro
= 5.0 g,
Q Biomass 1 6 Used ”
\_ y, Directly 782 Transport
Clean-ish 58.1 Total: 63 N
[ @ Nuclear? ] U.S. electricity use is almost 50% from ‘ ﬁl
_ non-fossil fuel sources, but its direct- 4.8 | Commercial
Fossil Fuel use energy is far behind
@ ol € Coal This is most critical for industry and ﬁ
P =N H —
B Natural Gas transport needs, which currently rely =% | Residential
heavily on direct-use energy :
Link for citations and additional notes, and link to return to slide 22. Only shows the top global energy Twitter @StephenMettler 31
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APPENDIX: RENEWABLE ELECTRICITY

The vast majority of countries still get most of their electricity from fossil fuels;
even countries investing heavily in renewables are only slowly turning the tide

2019 Electricity Generation — Top 8 Power Consuming Countries!

. > Russia
Area conveys total generation = o : Canada §) 1100 TWh
e @ 700 TWh ’
Renewable 18% Renewable
. s 65% Renewable
Fossil Fuel
Nuclear? ‘
' s - Germany ¢ Japan
t ey - 600 TWh ® Q@ 1,000 Twh
40% Renewable Indi 19% Renewable
. ) ndia ,
Renewable % of Generation United States ket Q.

Below 20% 4,400 TWh ' 19% Renewable China
20%-30% Wmmmm—u | 17% Renewable —— 7,500 TWh
30%-60%  — o bred 27% Renewable

600 TWh
[0)
Over 60% N 83% Renewable
Key Country Types
. SR AN
Hydro Lottery Winners (4~1* Clean Investors 72+ AllThe Above

Countries with geography to mostly Countries investing in renewables Developing countries expanding
use hydropower, which has been a and trying to phase out fossil fuels — both renewables and fossil fuels to
mature technology for decades at widely varying speeds meet fast-rising energy demand

— Small number of lucky countries — — Most developed countries Most developing countries ——

Examples: Canada, Brazil Examples: Germany, U.S. Examples: China, India

. . . " . . . ) ) Twitter @StephenMettler 37
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APPENDIX: THE COSTS OF DELAY

The longer we delay cutting emissions, the harder it will be to return to a 2°C
pathway, until dangerous levels of temperature rise are impossible to avoid

Global CO. Emissions Pathways to Stay Below 2 °C Average Temperature Rise?

50 Gt Year Emissions Cuts Begin m 2010 mm
Acltual Annual Cuts Required

40 Gt o

If we delay peak emissions until 2028,
30 Gt we will need to cut much more steeply,
at 9% per year over the century

20 Gt

Annual Net CO, Emissions

If our emissions had peaked

10t In 2000, we could have cut
them gradually at 2% per
year over this century

0
2000 2020 2040 2060 2080 2100

Year

. . . L. Twitter @StephenMettler 33
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APPENDIX: WHY WE BURN FOSSIL FUELS

By burning fossil fuels we’ve unleashed millions of years of stored energy and
CO,, surging human prosperity at the risk of destroying the ecosystems we live in

Humanity’s Energy Sources

— o Pre-Industrial a Fossil Fuel Age —

Living plants and animals
+ Fossil fuels

e Living plants and animals

Surface Ecosystems

? 7o This energy access enabled 1700 to 2015 growth of:
..ﬂ? .& .%L @ Global human population?

Annual global economic output?

sen

Link for citations and additional notes
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APPENDIX: HUMANITY’S NEXT STEP

Human civilization is now capable of drawing energy directly from the sun
instead of relying on other life to package it for us as fossil fuels

B Energy Sources of Human Civilization
—— o Pre-Industrial e Fossil Fuel Age —
The sun supplies . . Living plants and animals
almost all energy Living plants and animals )
o + Fossil fuels
o life on Earth
of ) |
Surface Ecosystems We can use this power to jump to our next phase — which wouldn’t
? e have been possible without fossil fuels as a stepping stone
- ¥ |
‘ e Freedom
-’ wr |
Buried organic ‘ Living plants and animals
matter is turned + Renewable energy
to fossil fuels over
millions of years Humans have always lived on the sun’s energy, but we
Fossil Fuels now have the technology to harness it directly *
HH o =
Solar Wind Hydro Biomass
R
*Even though we think of the sun as only directly harnessed through solar power, all pictured forms Twitter @StephenMettler
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SOURCES

Slides 4, 5, 6

Slide 4 Slide 5 Slide 6

1: This source and this source
provide good summaries.
There’s a lot more interesting
detail in sunlight’s interaction
with Earth’s atmosphere that
isn’t covered here. In addition
to visible light, the sun emits
UV light (which can be
harmful to life) and its own IR
light. These have complex
interactions with many
atmospheric gases, including
ozone. Ozone protects life on
Earth from most UV light, and
is also significantly affected by
human activity. However, the
greenhouse effect is driven
specifically by the visible light
which is converted to IR at
Earth’s surface, so this slide
focuses specifically on that
part of the process.

1: Source and source, and also source

2: Multiple factors helped end the last Ice Age —warming likely
began before the initial rise in CO,, which then helped lock in
further warming and rose rapidly until the modern age. More
details at source, source, and source. Picture is from here.

3: Humanity’s industrial fossil fuel use began in the 1700s, but the
1850-1900 average temperature was chosen as the standard
“pre-industrial” baseline (source) since it's modern enough to
have pretty reliable temperature data, but early enough that
human-driven warming was still in the very beginning stages.

4: Source for +1°C warming, and source for the rise in CO, so far

5: Repeat of an earlier source for the data. Temperature and seas
were higher here, at the same CO, level as today, since it takes a
long time for climate to react to heat changes — for instance,
major glaciers are now in decline, but will take centuries or
millennia to melt at this rate. As a result, the damage we’re
experiencing so far is only a portion of what will eventually play
out, if we stay at an elevated CO, level.

6: Information here, as well as this excellent image of a simulated
Earth at this time (100% worth viewing in high definition), all
from Alan Kennedy of the University of Bristol

7: This calculation is hypothetical. It would be impractically evil to
extract anywhere close to all known fossil fuels, for cost and
logistical reasons. Also, with a fraction of this heating, it would be
tough for us to keep civilization running and extracting more.

1: Source for pre-industrial.
The current total is growing so
fast that it rapidly gets
outdated. The prior source
was from 2014 and showed
830 Gt in the atmosphere,
while the value was 870 Gt by
the time of National
Geographic’s September 2019
issue (page 86) —here’s a link
to the relevant graphic

2: 2019 analysis by the Deep

Carbon Observatory, as cited
here, here, and here

3: Source for historical
emissions through 2018

4: Same source as citation 1

Twitter @StephenMettler
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https://www.livescience.com/64692-snowball-earth.html
http://www.bbc.com/earth/story/20150112-did-snowball-earth-make-animals
https://www.csmonitor.com/Science/2016/0119/How-did-Snowball-Earth-end-Scientists-blame-underwater-volcanos
https://theconversation.com/two-centuries-of-continuous-volcanic-eruption-may-have-triggered-the-end-of-the-ice-age-83420
https://earthobservatory.nasa.gov/features/CarbonCycle/page4.php
https://www.reuters.com/article/us-climate-carbon-iceage/carbon-dioxide-helped-end-last-ice-age-u-s-researchers-idUSBRE8330ZE20120404
https://marketbusinessnews.com/carbon-dioxide-oceans-caused-end-last-ice-age/48122/
https://www.ipcc.ch/sr15/chapter/chapter-1/
https://www.ipcc.ch/sr15/chapter/chapter-1/
https://www.climate.gov/news-features/understanding-climate/climate-change-atmospheric-carbon-dioxide
https://www.climate.gov/news-features/understanding-climate/climate-change-atmospheric-carbon-dioxide
http://www.climate-lab-book.ac.uk/2016/a-world-before-ice/
https://www.nature.com/articles/nclimate3036
https://www.cambridge.org/core/journals/mrs-energy-and-sustainability/article/sustainable-carbon-emissions-the-geologic-perspective/19549E223B128ECAFC83EAF8DAD4C975
https://www.nationalgeographic.com/environment/2019/08/how-abrupt-permafrost-thaw-threatens-arctic-feature/
https://www.bbc.com/news/science-environment-49899039
https://eos.org/articles/human-activity-outpaces-volcanoes-asteroids-in-releasing-deep-carbon
https://phys.org/news/2019-10-humanity-emissions-times-greater-volcanoes.html
https://ourworldindata.org/grapher/annual-co-emissions-by-region
https://www.cambridge.org/core/journals/mrs-energy-and-sustainability/article/sustainable-carbon-emissions-the-geologic-perspective/19549E223B128ECAFC83EAF8DAD4C975
https://scied.ucar.edu/carbon-dioxide-absorbs-and-re-emits-infrared-radiation
https://www.esrl.noaa.gov/gmd/education/carbon_toolkit/basics.html
https://creativecommons.org/licenses/by/4.0/deed.en_US

SOURCES

Slides 7, 8

Slide 7 Slide 8

1: Source. Ppm = parts per million, or the number of CO,
molecules per million molecules in the atmosphere. Note that
when Earth’s climate shifts, the poles’ temperature changes tend
to be more extreme than the rest of the planet’s.

2: Source, and here’s a source for day-by-day data
3: Source. | promise this is my only citation of Wikipedia.

4: The exact mechanics of the PETM are still debated. Here’s my
source for these numbers, which seem to be the mainstream
interpretation, but there are other sources like this that claim a
huge release of seabed methane also played a major role. Either
way, the PETM is a good upper limit for how fast natural climate
change can warm Earth —it’s the fastest warming incident we can
find evidence for, at least up until 700M years ago, beyond which
things get fuzzy. Since these are the numbers required for that
change to be driven by CO,, it’s a solid benchmark for how rapid a
natural CO, release could be. Since even a fully-CO, explanation
would imply a CO, release rate that’s tiny compared to our
emissions today, it’s fair to say that based on our current
understanding, our emissions today are unprecedented in the
period of Earth’s history that we can assess.

5: 2019 rate, source (annual mean growth rates). Note this is net
addition to atmosphere — we emit roughly twice this, but as
covered on slide 5, land and oceans absorb half our emissions

6: Source

7: See citation 4 for the logic here!

1: Source, source, and source
(annual mean growth rates);
values rounded to closest 5
ppm. “Net Emissions” is total
added to the atmosphere:
human emissions minus extra
absorbed by land and oceans.
| use 2019’s rate since 2020’s

was so impacted by COVID-19.

2: Source (NASA Global-mean
monthly, seasonal, annual
means, 1880-present)

Twitter @StephenMettler
CC share with attribution
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https://earthobservatory.nasa.gov/features/CarbonCycle/page4.php
https://www.climate.gov/news-features/understanding-climate/climate-change-atmospheric-carbon-dioxide
https://www.esrl.noaa.gov/gmd/ccgg/trends/gl_trend.html
https://en.wikipedia.org/wiki/Human_evolution#H._sapiens
https://www.cambridge.org/core/journals/mrs-energy-and-sustainability/article/sustainable-carbon-emissions-the-geologic-perspective/19549E223B128ECAFC83EAF8DAD4C975
https://www.pnas.org/content/113/28/7739
https://www.esrl.noaa.gov/gmd/ccgg/trends/data.html
https://www.cambridge.org/core/journals/mrs-energy-and-sustainability/article/sustainable-carbon-emissions-the-geologic-perspective/19549E223B128ECAFC83EAF8DAD4C975
https://www.climate.gov/news-features/understanding-climate/climate-change-atmospheric-carbon-dioxide
https://climate.nasa.gov/news/2915/the-atmosphere-getting-a-handle-on-carbon-dioxide/
https://www.esrl.noaa.gov/gmd/ccgg/trends/data.html
https://data.giss.nasa.gov/gistemp/#tabledata
https://creativecommons.org/licenses/by/4.0/deed.en_US

SOURCES

Slides 9, 11, 12

Slide 9 Slide 11 Slide 12

1: Pathways source is the fantastic Our World In Data, which in
turn got it from another amazing source, the Climate Action
Tracker. | made slight tweaks to the data between 2010 and 2014
to reflect what actually happened during that time period. The
historical CO,e numbers end in 2014 because that was the base
year for all the calculations, but emissions growth continued
along the orange and red paths until the global economic impact
of the COVID-19 pandemic led to a sharp drop in emissions. At
the time I’'m writing (November 2020), whether that will prove
just a temporary fall, or is the beginning of a future down-slope in
emissions, remains to be seen.

2: CO,e means CO,-equivalent. This metric gives us an objective
standard that can show the effects of emissions not just of CO,,
but also of other greenhouse gases like methane. As a result, this
number is higher than for CO, alone, but a more realistic metric
of human civilization’s full greenhouse gas emissions. For most of
this article, I've focused on CO, alone to keep things simple, and
because it’s much easier to get datasets of CO, than CO,e. Since
CO,e involves lots of different gases and calculations of their
relative warming impact, it’'s more complicated to measure. That
said, when it’s available and reliable— like now —it’s the best
metric to use.

Due to overlap, here are a
couple of sources that cover
all of these. 2019 U.S. Army
report covering impacts like
sea level rise, severe weather
driving higher food stress and
humanitarian crises, loss of
freshwater supplies, wider
range of disease-bearing
insects, and more intense,
longer droughts. 2016 U.S.
Intelligence Community
report covering more severe
heavy rainfall, floods,
droughts, cyclones,
heatwaves, crop failures, mass
deaths in marine ecosystemes,
wildfires, blackouts,
infrastructure collapse,
disease outbreaks, sea level
rise, ocean acidification, air
quality degradation, and other
threats. Also, source from
NASA on the science behind
warmer air holding more
moisture. Climate change:
Don’t try it at home.

Evidence that CA’s fire
seasons are rapidly becoming
worse is extensive (here’s one
source), and evidence that
“water” risks are also
increasing includes the 2017
Oroville Dam spillway crisis
(source), mentioned in more
detail in the following slide.
That said, there is currently no
set standard aside from the
costs of damages, which is
determined by a lot of factors
aside from weather severity,
to compare the intensity of
different types of severe
weather events. This is one of
the major factors that makes
concerted climate action
difficult — without being able
to prove exactly how much
money it costs, it’s harder to
exactly calculate the cost
savings we’ll get for
investments in preventing it.
There’s a bit more on this on
the following slide

Twitter @StephenMettler
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https://ourworldindata.org/grapher/future-greenhouse-gas-emission-scenarios
https://climateactiontracker.org/
https://climateandsecurity.files.wordpress.com/2019/07/implications-of-climate-change-for-us-army_army-war-college_2019.pdf
https://www.dni.gov/files/documents/Newsroom/Reports%20and%20Pubs/Implications_for_US_National_Security_of_Anticipated_Climate_Change.pdf
https://sealevel.jpl.nasa.gov/ocean-observation/understanding-climate/air-and-water/#air
https://www.theatlantic.com/science/archive/2019/07/climate-change-500-percent-increase-california-wildfires/594016/
https://www.washingtonpost.com/news/morning-mix/wp/2017/02/13/not-a-drill-thousands-evacuated-in-calif-as-oroville-dam-threatens-to-flood/),
https://creativecommons.org/licenses/by/4.0/deed.en_US
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Slides 13, 14

Slide 13 Slide 14

1: Source — as of November 3, 2020

2: Source

3: Source

4: The costs vary widely depending on what you count. $24B is from this climate.gov analysis, but my
guess is that it focuses on a narrow range of direct costs. Here is a middle-ground academic study
alleging that the cost was $148.5B, including $27.7B in capital losses— close to that $24B estimate —
along with $32.2B in health costs and $88.6B in indirect losses, like lost economic activity due to the
fires. The $S350B estimate is here, from AccuWeather, with even higher estimates of indirect losses —

it estimates that CA itself lost $400B, but that other states would gain slightly from economic activity
that shifted out of CA to them, resulting in a $350B net loss for the U.S. overall.

5: Source
6: Source

Important note: though climate change is a huge driver for CA’s increasingly terrifying fire seasons,
there are other human-caused issues as well. Over the last century, U.S. authorities have heavily
suppressed fires (source and source), which are a natural feature of the Western U.S. ecosystem. This
allows unnatural levels of fuel to build up, so when fires break out of control, there’s more for them
to burn. Housing has also pushed further into wilderness areas, supported by laws forcing insurance
providers to keep offering fire insurance for homes in high-risk areas. The more areas have to be
protected, the more fires have to be suppressed, and the worse the problem gets. There are now
major efforts to rethink U.S. fire mitigation policy, including use of more controlled, preventative
burns. Some efforts (source) coordinate with local indigenous communities, whose traditional fire
management technigues were honed before industrial firefighting capabilities arrived. (For my actual
job, I've analyzed the U.S. market for firefighting aircraft, so have a ton of research on this if anyone’s
interested in a mini deep-dive). That said, it’s still unclear how much better policy can fix, when
climate change is having such a devastating impact on the natural conditions that drive fires.

1: It will improve further as
computer modeling of climate
and weather, which are very
hard to simulate, continues to
get better (source and source)

2: Source
3: Source

4: Source — it was likely to
happen less than once every
80,000 years without human-
caused climate change, and
600x more likely (less than
once every 130 years) with
human-caused climate
change. The wildfires released
more CO, than Switzerland or
Norway do annually, and sped
up permafrost melt, which will
be covered soon.

5: Almost all sources in this
section are relevant for this,
but | think the best summaries
come in the U.S. Army and
Intelligence Community
assessments cited on slide 10

Twitter @StephenMettler
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https://www.carbonbrief.org/in-depth-scientists-discuss-how-to-improve-climate-models
https://skepticalscience.com/climate-models-intermediate.htm
https://www.jstage.jst.go.jp/article/sola/15A/0/15A_15A-002/_pdf/-char/en
https://www.nature.com/articles/d41586-020-00627-y
https://public.wmo.int/en/media/news/prolonged-siberian-heat-almost-impossible-without-climate-change
https://www.fire.ca.gov/media/11416/top20_acres.pdf
https://www.washingtonpost.com/news/morning-mix/wp/2017/02/13/not-a-drill-thousands-evacuated-in-calif-as-oroville-dam-threatens-to-flood/
https://www.fire.ca.gov/incidents/2018/
https://www.climate.gov/news-features/blogs/beyond-data/2018s-billion-dollar-disasters-context
https://www.nature.com/articles/s41893-020-00646-7
https://www.accuweather.com/en/weather-news/accuweather-predicts-2018-wildfires-will-cost-california-total-economic-losses-of-400-billion-2/432732
https://www.fire.ca.gov/incidents/2019/
https://www.fire.ca.gov/incidents/2020/
https://www.defenseone.com/ideas/2020/09/we-know-how-prevent-california-megafires/168206/
https://www.theatlantic.com/science/archive/2019/07/climate-change-500-percent-increase-california-wildfires/594016/
https://www.npr.org/2020/08/24/899422710/to-manage-wildfire-california-looks-to-what-tribes-have-known-all-along
https://creativecommons.org/licenses/by/4.0/deed.en_US
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Slides 15, 16, 17, 18, 19

Slide 15 Slide 16 Slide 18 Slide 19

: Source
: Source
: Source

: Source

u A W N

: Source

6: Source is the 2016 U.S.
Intelligence Community
report from earlier

7: Source
8: Source
9: Source

10: Source for land burned.
Source for death toll, with 30
people killed directly by the
fires and smoke accounting
for hundreds more deaths and
thousands of hospitalizations.
Source for the animal death
toll, which is especially critical
for some of Australia’s unique
large mammals already facing
habitat challenges. Source for
smoke making a full circuit of
the globe

1: Source

2: | usually focus on CO, to be
concise, but methane and
other greenhouse gases also
have a major impact on
climate change — see footnote
2 on slide 9 for more detail.

3: Source
4: Source

5: Source

Slide 17

1: Picture — with hilarious
context — at source

2: Source, and here’s a source
that looks at the even more
extreme change in volume

3: Source
4: Source
5: Source

1: All data in this column is
from source and source

2: All data in this column is
from source and source

3: Source — the two cases are
a) The current fossil fuel share
of energy continues; and b)
Enough clean energy is
adopted to reach the 2°C
pathway. The savings are
largely from avoided air
pollution costs, but also take
into account climate change
damage costs (e.g., increased
disaster recovery costs)

1: International Renewable
Energy Agency 2019 report,
here. The 2°C plan requires
that S95T in already-expected
energy investments by 2050
are partially realigned to clean
tech, and another S15T
(S500B per year) is also
invested, for $110T total by
2050. For reference, the
International Energy Agency’s
2020 report shows 2018-20
avg. annual investments in
fossil fuels at S880B, and in
renewables at S3308B.

2: Source from Statista, with
research originally from a
major Greenpeace report

3: From a 2019 report by
Moody’s, here

Twitter @StephenMettler

CC share with attribution 40



https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2019/Apr/IRENA_Global_Energy_Transformation_2019.pdf
https://www.iea.org/reports/world-energy-investment-2020/key-findings
https://www.statista.com/chart/20804/costs-of-air-pollution-from-fossil-fuels/
https://www.moodysanalytics.com/-/media/article/2019/economic-implications-of-climate-change.pdf
https://www.statista.com/chart/20804/costs-of-air-pollution-from-fossil-fuels/
https://ourworldindata.org/outdoor-air-pollution
https://www.statista.com/chart/20804/costs-of-air-pollution-from-fossil-fuels/
https://e360.yale.edu/digest/air-pollution-from-fossil-fuels-costs-8-billion-per-day-new-research-finds
https://nicholas.duke.edu/sites/default/files/documents/Shindell_Testimony_July2020_final.pdf
https://www.sciencealert.com/siberian-doorway-to-the-underworld-so-huge-millennia-old-forests-and-carcasses-climate-change
https://arctic.noaa.gov/Report-Card/Report-Card-2019/ArtMID/7916/ArticleID/844/Permafrost-and-the-Global-Carbon-Cycle
https://www.ucsusa.org/resources/each-countrys-share-co2-emissions
https://www.carbonbrief.org/permafrost-wetland-emissions-could-cut-1-5c-carbon-budget-five-years
https://arstechnica.com/science/2016/12/nasa-accused-of-hiding-a-borg-cube-at-the-sun-and-a-hole-in-the-north-pole/
https://www.climate.gov/news-features/understanding-climate/climate-change-minimum-arctic-sea-ice-extent
https://www.scientificamerican.com/article/arctic-summer-ice-has-decreased-by-72-percent-since-1980-graphic/
https://www.nationalgeographic.com/science/2020/08/arctic-summer-sea-ice-could-be-gone-by-2035/
https://nsidc.org/cryosphere/seaice/processes/albedo.html
https://www.pnas.org/content/111/9/3322
https://www.usatoday.com/story/money/2018/09/12/most-destructive-hurricanes-of-all-time/36697269/
https://www.texastribune.org/2018/01/08/hurricane-harvey-was-years-costliest-us-disaster-125-billion-damages/
https://www.nbcnews.com/news/latino/puerto-rico-sees-more-pain-little-progress-three-years-after-n1240513
https://www.scientificamerican.com/article/climate-change-hastened-the-syrian-war/
https://www.cfr.org/global-conflict-tracker/conflict/civil-war-syria
https://www.dni.gov/files/documents/Newsroom/Reports%20and%20Pubs/Implications_for_US_National_Security_of_Anticipated_Climate_Change.pdf
https://www.voanews.com/middle-east/war-plagues-yemen-then-come-locusts
https://news.un.org/en/story/2019/02/1032811
https://www.theguardian.com/australia-news/2020/jan/07/record-breaking-49m-hectares-of-land-burned-in-nsw-this-bushfire-season
https://www.news.com.au/technology/environment/how-the-2019-australian-bushfire-season-compares-to-other-fire-disasters/news-story/7924ce9c58b5d2f435d0ed73ffe34174
https://www.bbc.com/news/world-australia-52804348
https://www.reuters.com/article/us-australia-bushfires-animal-deaths/about-three-billion-animals-harmed-in-australian-bushfires-wwf-says-idUSKCN24T14X
https://www.bbc.com/news/world-australia-51101049
https://creativecommons.org/licenses/by/4.0/deed.en_US
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Slides 21, 22

Slide 21 Slide 22

1: Ppm = parts per million.
Values from here and here,
rounded to nearest 5 ppm.

2: 2019 rate, source (annual
mean growth rates). As noted
before, | used 2019’s rate
because 2020 was so affected
by COVID-19. Note this is net
addition to atmosphere — we
emit roughly twice this, but as
covered on slide 5, land and
oceans absorb half our
emissions

1: Efficiency investments include things like more efficient
lightbulbs and engines, better insulation, and use of “waste” heat.
Since they’re less complex and controversial than other parts of
this case — even fans of fossil fuels usually agree that efficiency is
good and waste it is bad — | decided not to cover it in detail. More
information at sources like here.

2: Energy that’s “Used Directly” doesn’t go through the electricity
grid. Right now, this is normally fossil fuel delivered to a user and
burned there — say gasoline for non-electric cars, natural gas for
heating homes, and coal for steelmaking. That said, it can also
include renewable, or renewably sourced (more later), energy
used on-site. For a further breakdown of what this looks like on a
source-by-source basis, see here for a more detailed version of
the chart for the U.S. in 2019, or the original report here.

3: Nuclear is “clean” in terms of carbon — it emits none — but it’s
not renewable, since it uses radioactive fuel. It's controversial due
to concerns about safety and hazardous waste. Environmentalists
are split on nuclear: some argue that modern reactors, practices,
and waste disposal are very safe, so nuclear should be expanded
to help replace fossil fuels faster. Others are opposed, seeing
nuclear as fundamentally unclean. Since nuclear is a great partner
to renewables — it offers predictable baseload power, to balance
out intermittent solar and wind generation — whether it’s “clean”
is a hugely important debate. There’s far more complexity, and
excellent points on each side, than | can cover here, so I'm giving
nuclear a “Clean-ish” label and avoiding further debate for now.
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https://creativecommons.org/licenses/by/4.0/deed.en_US
https://www.eesi.org/topics/energy-efficiency/description
https://flowcharts.llnl.gov/content/assets/images/energy/us/Energy_US_2019.png
https://www.climate.gov/news-features/understanding-climate/climate-change-atmospheric-carbon-dioxide
https://climate.nasa.gov/news/2915/the-atmosphere-getting-a-handle-on-carbon-dioxide/
https://www.esrl.noaa.gov/gmd/ccgg/trends/data.html

SOURCES

Slides 23, 24, 25

Slide 23 Slide 24 Slide 25

1: Source, costs are “levelized” over the expected lifetime of a
given electricity generation facility. These are top-level values
that summarize global standard costs, but the cost of any given
electricity source varies across regions and times. Different parts
of the globe have different levels of sun and wind, and different
access to fossil fuels, resulting in significant price differences.

2: Clean electricity could include nuclear, depending on who you
ask, but I'm focusing purely on renewables here for simplicity —
please see slide 23 footnote 3 for why I’'m not diving fully into
nuclear in this piece. I'd like to write more about whether it has a
place in our evolution beyond fossil fuels, but given the debate’s
complexity, I'm avoiding further detail for now to keep things
concise. If anyone aside from my family and friends (thanks guys!)
reads this piece and | get to do more of this, it’s my first
candidate for a follow-up deep dive.

3: Source, U.S. Energy Information Administration, 2019 report. In
terms of renewables adoption by 2050, this is one of the more
pessimistic mainstream sources.

4: Source, Bloomberg New Energy Outlook. In terms of
renewables adoption by 2050, this is a middle-of-the-road
estimate.

5: Source. From IRENA, the International Renewable Energy
Agency, using its 2°C path (“ReMAP Case”). This case assumes
additional investment in adoption of clean energy—see slide 18
footnote 1 for additional details on exact numbers.

1: Source for detail on this
tech in California, a leading
U.S. renewables market

2: Solutions include new types
of batteries (source) or other
approaches like storing heat
by pumping it into salt
(source) or building gigantic
cranes that lift and lower huge
blocks to store and release
energy (source).

3: Northern Germany is a key
example (source), and the U.S.
has multiple separate efforts
ongoing (examples here, here,
and here)

4: A recent report on U.S. grid
decarbonization highlights
transmission investments as a
critical component

5: Right now, these plans
focus on hydrogen (more
detail on next slide). Example
proposals here, here, and
here

1: Electric vehicles are a 1%,
but fast-rising, share of global
cars (source). Electric heat
pumps are a high-efficiency
replacement for traditional
gas heating and A/C (source).
They're market-ready, but in
the U.S., aren’t yet common
to install. CA, as normal, is
leading the way here (source).

2: Steelmaking needs over
1,000°C and renewables today
only reach ~500°C (source),
but a startup claims it can hit
1,000°C with solar (source).
For aviation, current batteries
only have enough power-to-
weight for small planes on
short flights (source), but
future tech could change that.

3: This makes “green”
hydrogen. Most hydrogen is
currently made non-cleanly,
using fossil fuels (“blue” or
“grey”). More detail here and
on slide 25 footnote 5.
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https://www.greentechmedia.com/articles/read/california-clean-power-outlook-what-comes-after-shorter-duration-batteries
https://www.greentechmedia.com/articles/read/can-a-novel-zinc-battery-deliver-clean-multi-day-backup-power?utm_medium=email&utm_source=Daily&utm_campaign=GTMDaily
https://www.distributedenergy.com/storage/article/21138031/thermal-energy-storage-systems-and-their-role-in-a-more-sustainable-energy-ecosystem
https://www.forbes.com/sites/peterdetwiler/2019/08/14/tower-of-power-110-million-investment-primes-energy-vault-to-take-on-global-energy-storage-markets/#5573c857913c
https://www.greentechmedia.com/articles/read/germanys-stressed-grid-is-causing-trouble-across-europe
https://www.greentechmedia.com/articles/read/9-transmission-projects-laying-the-paths-for-cross-country-clean-energy
https://www.greentechmedia.com/articles/read/grain-belt-express-transmission-line-wins-key-battles-in-missouri?utm_medium=email&utm_source=Daily&utm_campaign=GTMDaily
https://www.greentechmedia.com/articles/read/the-coming-transmission-crunch-for-the-us-east-coasts-gigawatt-scale-offshore-wind-goals?utm_medium=email&utm_source=Daily&utm_campaign=GTMDaily
https://www.greentechmedia.com/articles/read/report-charts-a-path-for-u.s-to-reach-50-renewables-by-2030?utm_medium=email&utm_source=Daily&utm_campaign=GTMDaily
https://www.greentechmedia.com/articles/read/how-to-build-a-green-hydrogen-economy-for-the-u.s-west?utm_medium=email&utm_source=Daily&utm_campaign=GTMDaily
https://www.greentechmedia.com/articles/read/why-offshore-wind-and-energy-giants-are-chasing-off-grid-green-hydrogen?utm_medium=email&utm_source=Daily&utm_campaign=GTMDaily
https://www.greentechmedia.com/articles/read/the-hype-and-hope-of-desert-green-hydrogen?utm_medium=email&utm_source=Daily&utm_campaign=GTMDaily
https://www.iea.org/reports/global-ev-outlook-2020
https://www.energy.gov/energysaver/heat-and-cool/heat-pump-systems
https://www.greentechmedia.com/articles/read/california-nears-tipping-point-on-all-electric-building-regulations
http://helioscsp.com/process-heat-for-industry-use-of-solar-energy-depends-on-temperature-requirements/
https://www.cnn.com/2019/11/19/business/heliogen-solar-energy-bill-gates/index.html
https://www.bbc.com/future/article/20200617-the-largest-electric-plane-ever-to-fly
https://www.greentechmedia.com/articles/read/coalition-aims-for-25-gw-of-green-hydrogen-by-2026?utm_medium=email&utm_source=Daily&utm_campaign=GTMDaily
https://creativecommons.org/licenses/by/4.0/deed.en_US
https://www.lazard.com/media/451086/lazards-levelized-cost-of-energy-version-130-vf.pdf
https://www.eia.gov/outlooks/ieo/pdf/ieo2019.pdf
https://www.forbes.com/sites/rrapier/2020/10/31/new-energy-outlook-projects-massive-energy-sector-shift-through-2050/?sh=2ed8a595609f
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2019/Apr/IRENA_Global_Energy_Transformation_2019.pdf
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1: There are more potential methods, but | felt that these three were the best representative
examples at the time of writing (late 2020). All data on the technologies, including their withdrawal
rates and cost estimates, is from source. For BECCS and Global Forestation, “Potential Rate” is by
2050. Their upper limits are set by land area requirements, accounting for the land needed for
agriculture to sustain the world’s current food supply. All numbers for DAC are still tentative, since
there’s still a lot more research and development to do before these plants are deployed at scale. For
DAC, the report gave a more cautious 2050 estimate and a higher 2100 one. | used the 2100 one to
give full context. It’s not clear what the upper limit for DAC would be—in theory, we can build as
much of it as we need. However, current methods are electricity-intensive, so cleanly powering a lot
of DAC plants will require building a lot of renewable electricity capacity.

2: Source, source, source; chart rounded to nearest 5 ppm.

3: 2019 rate, source (annual mean growth rates). As noted before, | used 2019’s rate because 2020
was so affected by COVID-19. Note this is net addition to atmosphere — we emit roughly twice this,
but as covered on slide 5, land and oceans absorb half our emissions. | originally used total emissions
(twice this total) in this chart, because if we only balance out 2.5 ppm, we’ll still be releasing
additional emissions that continue to impact the ocean especially and damage marine life. | finally
decided to switch back to 2.5 ppm to match the rest of the slides and not confuse readers. But to get
to real net zero, we need to balance out more like 5 ppm.

1: Source, source, and source.
The most common example of
this is the 1991 eruption of
Mt. Pinatubo in the
Philippines, which released
15M tons of sulfur dioxide,
reflecting ~1% of sunlight and
dropping global temperature
by 0.6°C for over a year.
(Exact numbers vary by
source, and by the time of the
measurement after the
eruption. | used the sources
here and here).
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https://iopscience.iop.org/article/10.1088/1748-9326/aabf9f/pdf
https://www.climate.gov/news-features/understanding-climate/climate-change-atmospheric-carbon-dioxide
https://climate.nasa.gov/news/2915/the-atmosphere-getting-a-handle-on-carbon-dioxide/
https://www.scientificamerican.com/article/co2-emissions-will-break-another-record-in-2019/
https://www.esrl.noaa.gov/gmd/ccgg/trends/data.html
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2015RG000511
https://earthobservatory.nasa.gov/images/1510/global-effects-of-mount-pinatubo
https://www.livescience.com/14513-pinatubo-volcano-future-climate-change-eruption.html
https://link.springer.com/article/10.1007/s10584-006-9101-y
https://earthobservatory.nasa.gov/images/84499/measuring-earths-albedo
https://creativecommons.org/licenses/by/4.0/deed.en_US
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Slide 28 (part 1 of 2)

a)

c)

Slide 28 (part 1)

1: IRENA 2019 report. See slide 17 footnote 1 for detail — this additional investment does not include current energy investment plans.
2: Source

3: Smith and Wagner, 2018 (here); they selected 2033 assuming it would take a while to get this started, and numbers assume that
future emissions track the IPCC’s pessimistic RCP 6.0 scenario. The 95 aircraft only cover the following 15 years (i.e., through 2047),
continuing to assume the RCP 6.0 path — so if actual emissions by then are lower than RCP 6.0, we’d need fewer aircraft

4: Source

5: A lot to talk about here. Below are three points, and there’s a fourth on the next slide.

Solar geoengineering could destabilize global rainfall. Reducing incoming sunlight can reduce evaporation, which reduces rain
and snow (source). However, a study (here) used a high-definition climate simulation to project that slower geoengineering — just
cutting the pace of warming by half, not stopping it completely —wouldn’t have this side effect. | used this % pace of SRM as the
standard in the profile. This is one area where only real-life experiments, not simulations, will give us a conclusive answer.

Sulfur aerosols in the upper atmosphere can reduce the thickness of the ozone layer (here), which protects Earth’s surface from
much of the sun’s dangerous UV light. Researchers have proposed calcium carbonate — CaCOs, a safe compound used as an
additive in toothpaste and food — as an alternative with the same reflective effect as sulfur aerosols, but that doesn’t damage the
ozone layer (here). We need more experiments to test it though. Since sulfur dioxide is already naturally released by volcanoes,
we know that it’'ll do the job, while there’s no natural experiments that put CaCOs in the stratosphere.

There’s active debate over potential side effects of SRM. One prior suggestion was that it could reduce plant growth, but studies
have shown it actually increase growth — slightly less sunlight would reach Earth’s surface, but the light that gets through would
be slightly more diffuse, which benefits plants (here), resulting in a net positive effect. That said, scientists have raised other
potential effects, and there are probably plenty that no one’s thought of yet. To know more, we need experiments. Some argue
that since there might be side effects, we shouldn’t do any testing. Personally, | can’t reconcile that stance with the danger that
we face from climate change. Ideally, global decarbonization moves fast enough that we never need geoengineering, but the
threat is so big that | think it would be criminally negligent not to look into backup options.
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https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2019/Apr/IRENA_Global_Energy_Transformation_2019.pdf
https://www.reuters.com/article/idUSKBN23H281
https://iopscience.iop.org/article/10.1088/1748-9326/aae98d/meta
https://www.statista.com/statistics/524202/aircraft-fleet-fedex/
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/jgrd.50868
https://keith.seas.harvard.edu/files/tkg/files/irvine_etal_ncc_solar_geoengineering.pdf
https://www.nature.com/articles/d41586-018-07533-4
https://www.pnas.org/content/113/52/14910
https://faculty.washington.edu/timbillo/Readings%20and%20documents/CO2%20and%20Forests%20readings/Gu%20et%20al.%202003%20Science%20Pinatubo%20and%20photosynthesis.pdf
https://creativecommons.org/licenses/by/4.0/deed.en_US
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Slide 28 (part 2 of 2)

Slide 28 (part 2)

d) There are geoengineering proposals aside from high-altitude release of reflective particles. One of the most prominent is marine
cloud brightening, in which seawater or salt is drawn from the ocean and sprayed into the air, where it helps form or expand
clouds (source). More clouds means more sunlight is reflected back to space, and less is absorbed by the ocean as heat. Even
though these proposals use purely natural components and objectives and would operate on the ocean, far from inhabited
areas, they’ve had a tough time getting funding given the strong negative reactions against geoengineering in general. Here’s a
source on a recent test in Australia trying to help protect the rapidly-dying Great Barrier Reef, and here’s a source writing about
it that’s fiercely opposed to any geoengineering. (In case it isn’t clear, | strongly disagree with the opposition source). In this

piece, | focused on SRM because a lot more studies have been done on its costs, variants, side effects, etc. than on marine cloud
brightening.

6: This “moral hazard” is an argument that many anti-geoengineering advocates use to make the case that not only should we commit
to not using geoengineering, we should refuse to allow any research on geoengineering, because just looking into it could rewlt in
complacency and inaction on climate change. | see their point, even though this argument is kind of like saying that you shoud take
parachutes out of planes, because if the pilots think they might survive a crash, they won’t be as focused on flying well. Ogtimistically, I'd
hope that we can motivate people to decarbonization out of hope, not fear, and be rational about which options are availableand which
make the most sense to get us where we need to go. The leading scientists researching this form of geoengineering are also exremely
clear that if this is ever used, it must be used only as a temporary mitigation measure to buy time for real decarbonization—it’s not a
long-term solution. However, there’s still widespread resistance to exploring the idea at all, and the political controversy around
geoengineering has made it hard for researchers to get support for experiments (here). Though the idea has been around for decades,
research has been largely limited to digital climate modeling and lab testing. At the UN in 2019, countries including Switzetand and New
Zealand tried to pass an effort to begin an initial report on potential geoengineering governance options, but it was shut down for
unknown reasons by the U.S., Saudi Arabia, and Brazil (source) for unclear reasons.
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https://www.nature.com/articles/d41586-018-07533-4
https://www.reuters.com/article/us-earth-day-reef-cooling/cloud-brightening-experiment-may-help-cool-great-barrier-reef-idUSKCN2240ZC
https://www.foe.org.au/geoengineers_test_planetary_engineering_scheme_in_australia
https://www.nature.com/articles/d41586-018-07533-4
https://www.scientificamerican.com/article/u-s-blocks-u-n-resolution-on-geoengineering/
https://creativecommons.org/licenses/by/4.0/deed.en_US
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Slide 29 Slide 31

Many of these were previously cited on other slides, but I’'m re-
citing them here.

1: Emissions are in CO,e, or “CO,-equivalent,” a metric of
warming that compares all greenhouse gases’ heating impact to
the impact of CO, to allow standard comparisons across different
gases. See slide 8 footnote 2 for a deeper dive on CO,e, and why |
don’t use it in other slides. The pathways source is the fantastic
Our World In Data, which in turn got it from another amazing
source, the Climate Action Tracker. See slide 8 footnote 1 for
some additional detail on minor tweaks | made to the data to
reflect what’s happened since it was compiled, and why historical
CO,e numbers end in 2014 (emissions growth has continued
along the orange and red paths until the global economic impact
of the COVID-19 pandemic).

2: To be specific on costs, a 2019 report by Moody’s here projects
climate change costs by 2100 of $54T for 1.5°C warming and
S69T for 2°C. It doesn’t give exact estimates for higher warming,
but they’d likely accelerate at a higher proportion than each
increase in warming, since warming damage compounds (see
chart on page 4 of the report as an example). Current global fossil
fuel air pollution costs are $2.9T/year (source), and these should
correlate closely with the amount of fossil fuels we burn. The
IRENA 2019 report estimates that every $1 invested in its by-2050
investment plan, to hit a 2°C path, to bring $3 to $7 payoff.

1: This is a simplified display of the full chart, available here

2: Total energy in “Energy Use” (100) doesn’t add up to total in
“Energy Destination” (76) because of energy loss during
transmission and conversion. Further loss happens at each
destination. The worst offender is transportation, where over %
of input energy is lost —it’s just not as efficient to burn fossil fuels
in millions of small car engines as it is in big, central facilities.

3: See slide 20 footnote 3 for detail on why | treat nuclear
separately.

4: Efficiency investments include things like more efficient
lightbulbs and engines, better insulation, and recovery of “waste”
heat. Since they’re less complex and controversial than other
parts of this case, | decided not to cover in detail. More
information at sources like here.
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https://ourworldindata.org/grapher/future-greenhouse-gas-emission-scenarios
https://climateactiontracker.org/
https://www.moodysanalytics.com/-/media/article/2019/economic-implications-of-climate-change.pdf
https://www.statista.com/chart/20804/costs-of-air-pollution-from-fossil-fuels/
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2019/Apr/IRENA_Global_Energy_Transformation_2019.pdf
https://flowcharts.llnl.gov/content/assets/images/energy/us/Energy_US_2019.png
https://www.eesi.org/topics/energy-efficiency/description
https://creativecommons.org/licenses/by/4.0/deed.en_US
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Slide 32 Slide 34

1: Our World in Data pages
here and here. TWh numbers
are rounded to closest 100,
and renewable shares are
rounded to nearest 1%

2: See slide 20 footnote 3 for
detail on why | treat nuclear
separately.

Slide 33

1: Data from Our World In
Data’s fantastically detailed
greenhouse gas emissions
data page, here

1: Source for historical human
GDP. GDP is Gross Domestic
Product, an imperfect but
generally accepted metric of
goods and services
production. 170 is rounded
up, the exact multiple is 168

2: Source for historical human
population. 12 is rounded
down, exactis 12.2

3: Compares the roughly
300M-400M metric tons per
year in natural geological
emissions (through volcanoes
and other routes for carbon to
leak from the interior), as
assessed by the Deep Carbon
Observatory’s 2019 report
(cited here, here, and here) to
the 35B metric tons released
by humans in 2015 (source is
Our World in Data). The
middle of that natural range,
350M, is 1/100" of 35B

Twitter @StephenMettler
CC share with attribution

47


https://ourworldindata.org/grapher/share-elec-by-source?time=earliest..latest
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