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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 :
E 100% sales of heat pumps : a mix of H2, CCS, and  :
in buildings electrification

a 100% sales of ZEVs in LDVs i CA's total
and MDVs; 93% in HDVs (incl. § population-weighted :
HFCV) share of waste £
: ’ biomass is utilized for

diesel and jet fuel, as
well as RNG

E*:" - Electricity is 100%
S

400

Energy efficiency in buildings is
doubled relative to 2015 (SB 350)

_#_ A Electricity is ~75%
T renewable generation

=" zero-carbon
generation

MMT CO2e
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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 piomass catl
producing products i ke

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)
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=== Biomass CO, removal value

- Biomass energy value: Gas ($4/MMBtu)
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Livermore National Lab evaluated the maximum
amount of CO,, the three major approaches could
annually remove from California’s air

1. Natural and 2. Waste Biomass Conversion 3. Direct Air Capture with
Worklng Lands 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
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LLNL's report on
California’s options

for carbon removal

and storage evaluated
the potential in tons
per year, and estimated
2045 costs

https://www-gs.lIinl.gov/content/assets/docs/energy/Getting_to_Neutral.pdf
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CallfO rnla’S 2045 Dirgc?c;t;eégstlureDirectAircitur\e
least-cost path to

Biogas to Electricity with
Local Carbon Capture

(Retrofit Power Plant)
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But is geologic
storage safe?



alifornia has the most




Cumulative
Department of
Energy investment
in carbon capture

and storge
development
currently exceeds
$1.7 Billion
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j=es Permanent geologic
S available

space in California to
store CO, underground—
In the same rocks that
have held oil and gas for
millions of years.

|| 1 Potential storage unit

Reszrvations or
Additional data required

N . Unacceptable

LLNL has identified

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

ONS May ne avallap

/




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 CO2 retained in the
subsurface over 10,000 years.*

“Large-scale CO2 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 CO2

have been successfully injected”

A total of five Best Practices Manuals were revised in
2017.
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Estimating geological COz2 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,
Xénia Ogaya & R. Stuart Haszeldine

PERMANENCE AND SAFETY OF CCS

N NATIONAL
TL TECHNOLOGY
LAEORATORY

https://netl.doe.gov/coal/carbon-
storage/fags/permanence-safety
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The National Academy of
Science found that carbon
removal is ready to deploy

“Four negative emissions technologies are ready for
large-scale deployment: afforestation/reforestation,
changes in forest management, uptake and storage by
agricultural soils, and bioenergy with carbon capture
and storage (BECCS). These NETs have low to medium
costs ($100/t CO, or less) and substantial potential
for safe scale-up from current deployment. They also
provide co-benefits”

“Direct air capture and carbon mineralization have high
potential capacity for removing carbon, but direct air
capture is currently limited by high cost and carbon
mineralization by a lack of fundamental understanding.”
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Both natural and engineered methods will be needed for removing
carbon dioxide from the air, and permanently storing it.

Methods using waste biomass as the carbon source are low cost
and can also produce valuable hydrogen.

Permanent geologic storage is widely available in California and
has been shown to be safe and effective in 20 years of U.S. testing.
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