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We love to think globally, but
most actions will be local

Overall economy or region
Academics love this perspective “optimal”

Carbon tax is the preferred tool from this view

Business
Net zero is the common goal

Must deal with your own emissions, your suppliers, and
customers

Need specific pathways

Sector (like transportation)

Mixture of the first two - easier to make clear policy

CALIFORNIA

AIR RESOURCES BOARD
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California’s Path to Zero Requires Carbon Removal

Ramping up sales of electric vehicles and
building appliances

Industry is fully :
; d decarbonized through :
m 100% sales of heat pumps a mix of H2, CCS, and  :
in buildings electrification
a 100% sales of ZEVs in LDVs : CA’s total
and MDVs; 93% in HDVs (incl. population-weighted
HFCVY) share of waste :
: ’ biomass is utilized for :
diesel and jet fuel, as
WE" as RNG

- Electricity is 100%
== sero-carbon :
generation

400

200 ﬁ Energy efficiency in buildings is

dc:-ubled relative to 2015 (5B 350)
a.-""ﬁ -
:'* = Electricity is ~75%

renewable generation

MMT CO2e

100

Carbon Dioxide Removal strategies deployed to reach
net zero emissions by 2045

2020 2025 2030

LLNL estimated that 125 M tons/yr of negative emissions capacity would
comfortably meet the need - especially if some measures are slow



How can we remove
CO, from the air?

&5 Natural Solutions (trees and soil)

2. Biomass Solutions (permanently store carbon
from plants)

3. Direct air capture (machines and chemical
systems to filter CO, from the air)






The world’s farm
soils have lost at
least 487

gigatons of CO,
(equivalent).

Can we

put it
back?

How
fast?

Sanderman et al. 2017






Capture pDIOMass ¢
producing produ ots i

Using biomass must be
restricted to true waste -
but there is a lot of that
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58 million tons of
biomass waste Is
available

= We estimate that 58
million bone-dry tons will
be available from waste
sources in 2045

= 100% conversion to CO,
would yield 106 MT CO,

= Only waste biomass
considered — no
energy crops

= Much of this is burned or
allowed to decay today




The carbon removal value of biomass greatly
exceeds its energy value at realistic carbon prices

Value ($/ton of biomass)

300
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Biomass CO, removal value CO 5

Biomass energy value: Gas ($4/MMBtu) Value //
Biomass energy value: Oil ($40/barrel) // /

Biomass energy value: Coal ($60/ton) // Energy
Biomass energy value: Pellet feedstock ($30/ton) / Values
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Carbon Intensity of Hydrogen:
+7 to - 20 kg CO,/kg H,

Electrolytic

o

Carbon Intensity
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Carbon Intensity of Hydrogen:
+7 to - 20 kg CO,/kg H,

Conventional SMR

Syngas Capture
= Full SMR Capture
~ Electrolytic
- 20 =7 0 3 7 kg CO,
Carbon Intensity per kg H,

20 kg CO2 removed Tor

avery kg H2 produced!
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Learning curves
for natural gas
and geothermal-
powered DAC
systems

®m Does not depend on the rate of

construction.

m Both count total global units
built.

m Geothermal units limited to
California heat supply.

®m Gas units learn more slowly
because they are bigger.

Levelized cost of CO2 removal ($/tCO2)

$260

$240

$220

$200

$180

$160

$140

$120

$100

Levelized Cost by Global MTon Deployed

-4--Levelized cost ($/tCO2) - LSNG fast learning
—— Levelized cost ($/tCO2) - LSNG slow learning

---®- Levelized cost ($/tCO2) - SSGT fast learning

—eo— Levelized cost ($/tCO2) - SSGT slow learning

Gas fired

Geothermal units

Units

20 40 60 80 100 120
Millions of Tons Globaly Deployed
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Bottom Line



The three major options can provide 125 M tons
of removals with net benefits

2. Waste Biomass Conversion 3. Direct Air Capture with

1. Natural and
to Fuels with CO, Storage CO, Storage
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25 MT/year 83 MT/year >17 MT/year
Technological readiness: mid-to-high — no new breakthroughs required

32




GETTING

TO NEUTRA‘-

OPTIONS FOR NEGATIVE
CARBON EMlSSlONS IN
CAL|FORN|A , oF

We evaluated the
potential in tons
per year, and estimated

2045 costs

https://www-gs.linl.gov/content/assets/docs/energy/Getting_to_Neutral.pdf
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least-cost path to

Biogas to Electricity with
Local Carbon Capture

(Retrofit Power Plant)

12 5 IVI T/ yea r Of 150 | Gasification of Sawmill —
] Residue and Shrub & Gasification of Low
Ca r bo n re m Ova I Chaparral to H, Moisture Agricultural

- Residue to H,
Gasification of Forest

100 - Management to H,

and permanent
storage would
average about

$65/ton O; .

Ethanol Fermentation
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The least-cost path to 125 MT/year uses natural solutions, gasification of biomass
to H,, and some direct air capture - but pure combustion (BECCS) is close.

250 2501

Conventional
Geothermal Direct Air Capture

. . Solvent Direct Air Capture
2045 Optlmal Negatlve Direct Air Capture

Geothermal Direct Air Capture

o . .

8 200 - Emissions Costs and Biouas o Electricty with 193 S 200 - Biogas to Electricity with Local Carbon «

logas 1o Electricity wi O Capture (Retrofit Power Plant

S Volumes Local Carbon Capture S . . pure { )
5 (Retrofit Power Plant) s gomblljstlonRof .ng Moisture
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Million tons CO,/year Million tons CO, /year

H, Production $8.1 B System Cost Combustion $10 B System Cost



IS0 pe




»

lenty of saf 'SR e Permanent geologic
space in California to o e |
store CO, underground—
In the same rocks that
have held oil and gas for
millions of years.

|| 1 Potential storage unit

Reservations or i v ) W oo Y
Additional data required = a = | E

N\ . Unacceptable

LLNL has identified

17 billion tons of safe
storage in just 2 areas
of the Central Valley.
As much as 200 billion

NS mav be availab




We need to be stronger in
our messaging that storge
IS safe



Cumulative
Department of
Energy investment
in carbon capture

and storge
development
currently exceeds
$1.7 Billion

2015

NRAP Reduced Order

e 1997 Models Released
Carbon

Capture
and Storage

Progrcm ° 2003

Started RCSP Characterization
Phase Started

¢ 2005
RCSP Validation
Phase Started

¢ 2008
RCSP
Development
Phase Started

1997 2010 2015

22017 20351

Advanced

CarbonSAFE Commercial Technologies

Scale Feasibility Studies

Available for
Started Commercial Scale
2017 Deployment
RCSPs Injected Over
10 MMT of CO;
22022

CarbonSAFE Commercial
Scale Storage Complexes
Characterized

12025

C arbeanSAEE
\,..AYV\., OATC

anloved

Carbon Storage

‘ Historical DOE
Funding

(ws) wbpnn aAlIMWND

2020




20 years of CCS testing show

it is safe and reliable

“We calculate that realistically well-regulated storage
in regions with moderate well densities has a 50%
probability that leakage remains below 0.0008% per
year, with over 98% of the injected CO, retained in
the subsurface over 10,000 years.”

“Large-scale CO, storage research projects are being
conducted by the U.S. Department of Energy (DOE) in
various geologic settings across the United States ...
To date, more than 14 million metric tons (MMT) of
CO, have been successfully injected.”

A total of five Best Practices Manuals were revised
in 2017.
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DOI: 10.1038/s41467-018-04423-1 OPEN

Estimating geological CO, storage security
to deliver on climate mitigation

Juan Alcalde, Stephanie Flude, Mark Wilkinson, Gareth Johnson, Katriona
Edlmann, Clare E. Bond1, Vivian Scott, Stuart M.V. Gilfillan, Xenia Ogaya &
R. Stuart Haszeldine

PERMANENCE AND SAFETY OF CCS

N NATIONAL
TL TECHNOLOGY
LAEORATORY

https://netl.doe.gov/coal/carbon-
storage/faqs/permanence-safety




Getting to Neutral Takeaways

Mother nature can’t do it on her own
—Key outcome for State Legislators

Biomass should be used to draw down
CO, first, rather than emphasize energy

—Q@Guides international standards

H, from biomass with CO, storage is a
leading technology for California

—Double win of drawdown and clean H.,,

Google ‘Getting to Neutral’ to see the full report.
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Biomass-H2-
CO2 demoiin
Swindon, UK

Natural
= & solutionsare
i 8 about 20% of
what we need
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Embrace all the technologies and approaches

necessary to fully decarbonize the economy.



