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GHG Emissions in CA

1 CO, emissions (2018) in CA: 1 % of global, 6.4 % of US (CARB, 2020)
 Industrial and electricity sectors: 39 % of the state’s GHG emissions.
 California’s non-CO, emitting electric generation categories: 53 % of electricity
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Previous study of CA CO, storage sites

| STORAGE OVERVIEW |

, Saline formations

~ Injection into
deep unmineable
coal seams or
ECBM

_..“

> Use of COz in
enhanced oil
recovery

Depleted oil and
gas reservoirs

Provided by the Global CCS Institute

Low

O&G and UGS sites

NATCARB (2015) 3.6 Gt 6.6 Gt
Saline Aquifers
USGS (2013) 61 Gt 124 Gt
NATCARB (2015) 30 Gt 417 Gt
Teletzke et al. (2018, Exxon) 13 Gt 55 Gt
OG/Saline (LLNL (2019)) 17 Gt 200 Gt

Introduction

All CO, storage sites in CA
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Introduction

Objectives

 Screen CO, storage sites (oil/gas field, underground gas
storage, and saline formation) in CA based on previous
studies and criteria (EPA VI well and LCFS CCS protocol
minimum siting criteria) with the consideration of exclusion
Zones.

 Link potential CO, storage sites to CO, emission sources to
provide data for technoeconomic analysis.



Methodology

California Geology

Sedimentary Basin Status:
Basins with Carbon Sequestration Potential A South Sacramento Basin

Basins Lacking Carbon Sequestration Potential

Offshore Basins with Unknown Carbon
Sequestration Potential

Other Layers; no
I Natural Gas Field

Bl O Fieid

County Boundary

Shale formation
(Seal layers)

Sandstone formation
(storage reservoirs)

Faults

(EFI/Stanford, 2020)

Schematic cross sections across the basins
(note vertical scale is exaggerated)



Methodology

Multi-Stage Screening Procedures

Qualify sites and Develop Exclusion ™ Storage

saline reservoirs Layer consisting Opportunity

_ Apply LCFS and pf geographic Identification by
EPA Class 6 information (e.g. merging qualified
i criberia faulting, seismicity, sites with exclusion

, population density, layer.

- Apply additonal sensitive habitats,

“qualified” restricted lands)

conditions

(modified from EFI/Stanford, 2020)



Stage 1: Qualifying Criteria

Category Criteria Qualifying Threshold EPA VI well LCFS Minimum
Criteria Criteria

Screening Storage Capacity > 3 million metric tonnes CO, “sufficient areal “sufficient
parameters extent” volume”
Depth (to top of > 800m “deeper than
formation) 800m”
Permeability >10mD “sufficient “sufficient
permeability” permeability”
Porosity >10% “sufficient “sufficient
porosity” porosity”
Reservoir Thickness > 3m (one layer) or “sufficient “sufficient
sum of layers > 10 m thickness” thickness”
Salinity > 10,000 TDS (only dry gas field, UGS, >10,000 TDS
and Saline formation)
Sufficient Anything that suggests this could be “sufficient
Injectivity an issue* (e.g. current pressure < 4000 injectivity”
PSI, Assume initial reservoir pressure
< 5000 PSI)

*Additional disqualified sites: 50 sites (insufficient data) and 4 sites (offshore sites with no 45Q_credit) 8



Stage 1: Prospective OG/UGS fields and | Result
saline formations

Prospective sites

[ ] CA OG_UGS_Field_Boundaries_516 sites

[v] Stagel
Field | ' _ CO Stage 1 4[] CA_OG_120 sites
- B oG Field 503 sites 2 =
: N B ucs 13 sites Storage Cap. ‘ 4 [7] UGS 9 sites
> 3 MT 2 ~ 4 ':II Saline_stage 1
. - EPA e [
VI/LCFS .
. . 2 = \"_
5 Add R
Saline SR S
_ Formation PR O =
R S (USGS/NATCARB e GRS S~
: | NG

Tijuana
O

Total # O&G (503) and UGS sites (13): 516

Total # 12 i .12
Total capacity (NATCARB) of OG/UGS: 3.6 - 6.6 Gt CO, 2] GOIAG [ 2dy), Bl B SSElB (R bl

Total capacity of 0G/UGS: 2.9 - 5.3 Gt CO,
Total capacity of Saline formation: 116 (mean) Gt CO, 9



Methodology

Stage 2: Criteria for exclusion

J Near Quaternary faults
- 2km “buffer zone” each side of fault (4 km width)
] Seismicity activity (exclusion zone based on magnitude)
- 10 km diameter for M>5 (from 1769 — present)
- 5 km diameter for M<5 (from 2015 — present)
J Population density
- Above 75 persons/ km?
J Land
- ownership status (restricted lands)
- sensitive habitats
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Risk identification: Faults, Seismicity

% ‘\ [/] Stagel FAM_Cit_Faults_Buff_dkmWidth
4 [J] CA_OG_120 sites 1
- Seismic_M3+_Buff_10Km_Dia from 1769
4 [J] UGS_9 sites I
- Setsmic_less than M3 Buff Skrm_ha from 2015
4 |J] All_Saline_stage 1 |

= Buffer zones are applied based on
the degree of seismicity.

- Magnitude 5+ : 10 Km Dia.

- 1.5 < Magnitude < 5: 5 Km Dia.

Mojave

=  Buffer width of Faults zone: 4 km
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Sensitivity/restricted zone

Stagel
r CA_OG_120 sites

d UIGS_9 sites

F All_Saline_stage 1

Sensitivity/restricted zone

B Population above 75 persons/km?
I Restricted lands
[0 Sensitive habitat/zone

Restricted Federal, state land, American Indian, military
lands installation

- Cultural sites (national landmark, national

register properties),

- Ecology habitats (sharp tailed grouse,
Sensitive desert tortoise connectivity, and so on),

habitat/zone - Wildlife habitat (wildlife allocation,
national historic park/monument,
wilderness study area, Conservation land,
wildlife management area)
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W | OG_UGS5 40 sites
Potential CO, storage sites

= Screened Qil/gas, UGS +

[]
Saline formation - Exclusion layers

| CO2 EOR_candidate 21sites

Stage 3: Potential CO, storage sites

CO2 Large sources
4 NG powerplant 25 sites

r
4 Industrial source 42 sites .
| Available Saline_Storage
Mean

. Type
v L ® CHP
S ¥ Cement
& Sacramento "H Ethanl:ll
o (P ¢ & Hydrogen
g.g RS ¥ Petroleum_Refineries Storage Capacity Estimates
O Fg ] SanJ:se X = V%,!’Oo ) &“M H'.mwﬂ“
(G S % v UGSG supplemented with NATCARB 116 Gt
r = OFresno ) X
R Qualified (end of Stage 1) 116 Gt
‘..\; . Storage Opportunities (end of Stage 3) 69.1 Gt
: 2. Desert Oil and Gas Reservoirs Low High
o v NATCARB 3.6 Gt 6.6 Gt
I‘ ‘ -
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Industrial source > 0.3 MT /y (except Ethanol plant ( >0.1 MT/y))



_ _ Discussion _
Comparison of 45Q vs. LCFS for CO, storage

J 45Q Tax credit
- Project type: Store CO, from any industrial/Direct air capture (DAC) unit in US
- Credit: Saline (Max $50/tCO,), CO,-EOR Max $35/tCO,
- Project condition: Above 0.1 MtCO,/year capture volume, 12 years after injection
- Construction must begin by Jan. 1. 2024

] LCFS (Low Carbon Fuel Standard) credit

- Geographic scope: Anywhere provided they sell fuel into CA

- Project type: Store CO,/CH,/Nox/VOC from any fuel production facility and DAC unit
- Credit: Market based credit (~ $200/tCO,, current) during injection period

- There is no limitation of project capacity

Both credits require permanent storage
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_ Discussion _
Storage Optimization for OG/UGS field

Scoring criteria based on subsurface properties Total score: 35

citeria | sstpworsy | 2 | 3 | 4 High: > 28
_ Medium: 23 — 27
Storage Capacity 3-5 Mt CO, 5-10 Mt CO, 10-30 Mt CO, 30-50 Mt CO2 >50 Mt CO, Low: < 22
Bottom Seal No seal Yes-Seal
Depth of Top of
i 800-1000m Deep (>3,000 m) 1,000-1,500m 2,000-3,000m 1,500-2,000m
Formation
Permeability 10-20 mD 20-50 mD >500 mD 50-100mD  100-500 mD
Porosity 10-15% 15-20% 20-25% 25-30% >30%
Reservoir Thickness 3-20m 20-50m 50-100m 100-300m >300m
Geothemal Gradient Warm Basin Moderate Cold Basin
(Geothermal (>40 °C/km) (20-40 °C/km) (<20 °C/Km)
favorability) Class1 (Class 2, 3, 4) (Class 5)

(modified after Hay, 2020)
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, | Discussion _
Prospective OG/UGS CO, storage, Northern CA

 Potential CO,-OG sites (depleted OG) are mainly located in northern CA

CO, Large sources

“1¥]" NG powerplant 25 sites

r

4 Industrial source 42 sites
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- High score, 2 sites
I:l Medium score, 26 sites
|:| Low score, 12 sites

Available Saline_Storage

Sa i
: o
3 %,
E il ¢ e Truckee
kS Wild 7%,
- Goose Gas >,
2 < 5 o S
» ol % Grass Valley i e -
Butt g 7o
Ukiah 2 . ~ e %
?% 3 1 er s ’ g
2 Grimes (* S p g %, £
z r i -
Ga}l 8¢ ; , y
Arb Gas B4 > ‘ R
Cleariake A
Robbins Gas E
)
May. s T
@ R QO/ r~ Eidorads
Roseville iy - National Forest
2 {0}
% Citrus Heights %0}
2
%
g "d' 4 Sacramento L9
< {8
Santa Rosa
o

Oakls
O San Fran@sco

Vs [120]
//e}, e
SanLean 5 T2 McMullin
Livermore @ Rancﬁ Gas
- Mode~
@ 132
@ San Mateo JFremont 3
Redwood City Turk:
=
Sunnyvale 5)
Sanjose L7 A
Merced
1 o
°
Girest >
o, ‘”/‘n
" Cruz Moyny e ;
1taing e s L Chﬁhllla
- S
Gilroy
Santa Cnuz

Reservoir State
i Rec Area
nville
= Gill
Ranch Gas

Industrial source > 0.3 MT /y (except Ethanol plant ( >0.1 MT/y))

.
®

NG Powerplant, emission CO,e tons/year

100,000
250,000

500,000

750,000

. 1,000,000

Industrial, emission CO,e tons/year

100,000
250,000

500,000

750,000

1,000,000

16



. _ Discussion _
Prospective OG/UGS CO, storage, Southern/Central CA

1 Potential CO,-EOR sites are mainly located in southern/central CA.
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Elk Hills field (Gas-power + EOR)) is under development. 17



Conclusion

1 CO, storage sites in CA were qualified based on previous studies with rigorous
screening criteria (EPA VI well and LCFS CCS siting criteria).

 Potential CO, storage sites in CA were assessed and conservative exclusion zone
criteria applied
- Qil/gas and underground gas storage sites: 1.1 -2.2 Gt CO,
- Saline formation: 69.1 (mean) Gt CO,

1 Scoring parameters can be applied to optimize the selection of oil/gas fields and
underground gas storage sites.



Future directions

] Storage optimization focused on technoeconomic analysis, scenario
development, and risk assessment: SIMCCS, NRAP, and more.

] Observe CCUS projects with CO,-EOR and saline formation (Elk Hills field,
potential gas-power + EOR).

B State-of-Stress Assessment Tool O *

State-of-Stress Assessment Tool - Main Page

Enter Parameters ‘ i

.x\'v 3 ..I .. -
[ | é: B I
R =~
Generate 'W\,Gh |

A set of Python modules have been developed to assist in performing a
geomechanical risk assessment for a carbon storage reservoir. The primary Version: 2018.08-1.0
geomechanical risk considered here is the risk of induced seismicity. Main Contact: Jeffrey Burghardt

Lol | Email: jeffrey.burghardt@pnnl.gov
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CUSP (Carbon capture Utilization Storage
Partnership)

Update/create geological data for
CCUS

Development/validation of risk
assessment w/NRAP tools

Select/analyze the focused scenario
(capture/store/monitoring)

Development readiness indices to
identify best sites for short and
long-term CCUS project

Network development/technology
transfer
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Backup slides



Reference

CO, emission reduction scenario

Energy-related CO, emissions and reductions technology scenario Total US GHG Emissions (6,457 MtCO,e)
by gas in 2017 (EIA, 2019)
8
G} , - o HFCs,3P°/iCs,SF6
= j 37/% EmMiciency Ni Oxid
30 000000000000000000000000000 SN O higddesadbaiadiaaddbarddd il i sl ianld b ddda b hdadd daadiiaid o ‘robuyso e
S
‘©» 32.7 GtCO, 32% Renewables Mi‘é‘;"e
=IO oY) NI . O
GEJ Fuel switching
8N CCUS
= 1O  srsecscocisosasusesnsssanasainsssnissanassenseassssnsscens Wi i R s
o) Sustainable Development Scenario °
@)
G
2000 2018 2050 (IEA, 2019) 2100

CCUS = Carbon Capture, Utilization, and Storage

MtCO,: million metric tons of CO,
GHG: Greenhouse gas

CO,e: CO, equivalent
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GHG Emissions in CA

1 CO, emissions (2018) in CA: 6.4 % of US, 1 % of global (CARB, 2020)
 Industrial and electricity sectors: 36 % of the state’s GHG emissions.
1 California’s nonCO, emitting electric generation categories: 53 % of electricity

Electricity In-state Electricity sources
14.8% Res. & Com.
® Wind
Agriculture m Solar
Industrial 1.7% = Small hydro
21.0% - Geothermal
dz.SiMMTL? Oe High GWP 4.8% 194.8 TW ® Biomass
Waste 2.1% (20 18) ® Large hydro
m Coal
®m Nuclear
m Natural gas
Transportation*®
39.9% (CARB, 2020) (CEC, 2019)
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Methodology

Reference: Multi-Stage Screening Procedures

e Selection qualifying oil/gas/UGS sites and Saline reservoirs A
«/ Storage limit (Based on NATCARB study (Oil/gas field, Underground gas storage (UGS))
Stace 1 +/ LCFS and EPA Class 6 minimum criteria
5 + Apply with "Disallowed Criteria" )

e Development exclusion layers

+ Risk zone (faults and seismicity)
Stage 2 + Sensitive habitats, population density, and restricted land ownership

» Potential CO, storage sites identification with GIS-based information
(subtraction exclusion layers from stage 1 layer)

25



Stage 1: Disallowed Criteria

Screening
parameters

Storage Capacity

Depth (to top of
formation)

Permeability
Porosity

Reservoir Thickness

Salinity

Sufficient
Injectivity

Methodology
Disqualifying Threshold Disqualified EPA IV well LCFS Minimum
OG/UGS field Criteria Criteria

< 3 million metric tonnes CO, 306 sites “sufficient areal “sufficient
extent” volume”

<800m 12 sites “deeper than

800m”
<10mD 2 sites “sufficient “sufficient
permeability” permeability”

<10% £ “sufficient “sufficient
porosity” porosity”

<3m (one layer) or 2 sites “sufficient “sufficient

sum of layers < 10 m thickness” thickness”

<10,000 TDS (only dry gas field and 10 sites EPA requirement

UGS)

Anything that suggests this could be 1 sites “sufficient

an issue* (e.g. current pressure > 4000 injectivity”

PSI, Assume initial reservoir pressure

> 5000 PSI)

*Additional disqualified sites: 50 sites (insufficient data) and 4 sites (offshore sites with no 45Q_credit) 26



Reference: CO, emitters in CA

Selection Criteria

- Industrial: Emission amount (EPA 2018) > 0.3 MT! /y except Ethanol plant ( >0.1 MT/y), total 33.3 MT CO, equivalent emission
- NG powerplant: CO, capturable amount > 0.5 MT*/y (EFI report, 2020), total 27.5 MT CO, equivalent emission

P CO2 Large sources
4 MGCC_25 sites
r

Fi Inudstrial CO2 emitters

Type

® CHP

¥ Cement

«t Ethanol

® A Hydrogen

% ¥ Petroleum_Refineries

Mojave
° Desert

e
)
) Los Angeles
0 r
p

Industrial:42 sites ;
NG powerplant: 25 sites .

Sa:_\_Dlego Mexicall
JFuana. o

IMT: Million metric

Las Vegas

)]

Frequency
N

— CHP, 8.7 Mt

Industrial sources: 42 sites

mmm Fthanol, 0.43 Mt mmm Cement, 7.5 Mt

= Hydrogen, 10.5 Mt
=O—Cumulative Sum o)

mmmm Petro_Refinery, .3 Mt

1

2 2
: I :
0.1-0.2 0.2-0.3 0.3-0.4 0.4-0.5 0.5-0.6 0.6-0.7 0.7-0.8 0.8-0.9 0.9-1.0 Abve
1.0

CO, emission, Mtlyear

45

40

35

30

25

20

15

10

Cumulative number
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Comparison of 45Q vs. LCFS

LCFS

45Q

GEOGRAPHIC SCOPE

TYPES OF CCS PROJECT

MINIMUM PROJECT SIZE

EMISSIONS COVERED

QUALIFICATION PERIOD
RESTRICTIONS

CREDIT GENERATION
DURATION

CREDIT BUFFER &
INVALIDATION

PERMANENCE
REQUIREMENTS

Anywhere provided they sell fuel
into California (with exception for
DAC projects)

Any fuel production facility or DAC
facility that captures and either
stores CO5 or injects for CO,-EOR
onshore

None

CO,, CHs, N,O, VOCs and CO

None

Duration of injection

Anywhere in the US

Any industnial or DAC facility that
stores CO, or uses it for EOR or
other utilisation purposes

Minimum thresholds for all
projects exist (0,1 MMtCO,)

Carbon oxide

Construction must beginby 1 Jan
2024

12 years

CCS projects must contribute to
the Buffer Account

Demonstrated through receiving
and maintaining Permanence
Certification under the LCFS

IRS is currently consulting on the
approach to the recapture of tax
credits in the event of leakage

IRS is currently consulting on the
permanence requirements

Source: Global CCS Institute

Saline: Max $50/Tones of CO,
CO,-EOR: Max $35/Tones of CO,
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Reference:

Northern CA
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Reference: Elk Hills Field for CCUS

ELK HILLS OIL FIELD Conventional Oil Production

LOCATION OF THREE DEEP STEVENS STRUCTURES s
emits 0.51 tons of CO, per barrel

0.51 tons of CO,

] 11
| -

Enhanced Oil Recovery
emits 0.54 tons per barrel. But, it also
stores 0.30 metric tons of CO,
underground. Thus, net emissions are 0.24
tons per barrel.

0.24 tons of CO,

)
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Reference: Brea-Olinda OG field

 Bridge Energy is considering to conduct CO,-EOR with the CO, source from landfill gas.
NG Powerplant, CO,e tons/year

® 100,000
® 250000

. 500,000

. 750,000
. 1,000,000

Industrial, CO,e tons/year

F20M8_Emissions_Level
100,000
O 250,000

O 500,000
O 750,000

O 1,000,000

4 CO2 Large sources
4 MGCC_25 sites
F
4 [J] Inudstrial CO2 emitters

Type

& CHP

¥ Cement

afi Ethanol

A Hydrogen

¥ Petroleumn_Refineries

CO, EOR 22 sites

- High score, 7 sites
- Mediumn score, 11 sites
I:l Low score, 4 sites

OG/UGS 40 sites

- High score, 2 sites
|:| Medium score, 26 sites
I:l Low score, 12 sites

Brea Olinda field is located near the faults area.



Reference:
Injection capacity
Potential Sink and sources

S\ == CO, PIPELINES
STORAGE CAPACITY
RS GT CO

INJECTION . & e 12]
CAPACITY
[MT’YR'WELL] L] < 10 W Fxclaysre Zooie

0.00-0.25 ® <100 ® 0, crssions
W0 0.25-1.00 @ <1000
- 1.00 - 5.00 ! Potential CO, storage sites:
- >5.00 . < 10'000 Salre resarvoi storage

Source: Baik, E., et al. (2018). “Geospatial analysis of near-term potential for carbon-negative bioenergy in the United States.” Proceedings of
the National Academy of Sciences, 115(13), 3290-3295.

Femort nosources and s riks oo stases 1,2 2re 3,

(EFI/Stanford, 2020)
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Reference: CO, storage: Saline formation

_————
~

Gcoz = Athggbtotﬂ/\l?saliqe;,\' Esaiine = EAn/AtEhn/thcpe/cptotEAEL Eg Eq

_—_—

Parameters for saline formation efficiency.

Term Symbol P10/Pgo values by lithology Description
Clastics Dolomite Limestone
Geologic terms used to define the entire basin or region pore volume

Met-to-Total Area Epniar 0.2/0.8 0.2/0.8 0.2/0.8 Fraction of total basin or region area with a
suitable formation.

Net-to-Gross Thickness Epnihg 0.21/0.76* 0.17/0.68* 0.13/0.622 Fraction of total geologic unit that meets
minimum porosity and permeability
requirements for injection,

Effective-to-Total Porosity Egejror 0.64/0.77* 0.53/0.71* 0.64/0.75% Fraction of total porosity that is effective,
iLe., interconnected.

Displacement terms used to define the pore volume immediately surrounding a single well CO; injector.

Volumetric displacement efficiency Ey 0.16/0.39° 0.26/0.432 0.33/0.57° Combined fraction of immediate volume
surrounding an injection well that can be
contacted by CO2 and fraction of net
thickness that is contacted by CO; as a
consequence of the density difference
between CO» and in situ water.

Microscopic displacement efficiency Eq 0.35/0.76% 0.57/0.64% 0.27/0.42° Fraction of pore space unavailable due to

immobile in situ fluids.

* Values from IEA GHG (2009).

(Goodman et al., 2011)
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