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OUTLINE

Shale Resources Worldwide

US Shale Resources

CO, Storage in Shales*

45Q Tax Credit Enhancement — Future Act

Two Hypothetical CCUS Examples applying 45Q

* Will focus primarily on Shale Gas for near-term CCUS potential
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CO, Storage Geologic Storage Reservoir Types
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OUTLINE

Shale Resources Worldwide
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Shale Reservoirs Worldwide

Legend

B Assessed basins with

Assessed basins without resource estimate
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of the World’s Gas Shale Basins,

Summary of Recoverable Resources and CO, Storage Potential

by Region

Risked Risked Risked Risked
) § N ¢ Technically | Economically] Economically
) Risked Gas In-] Technically R ) K . "
Region Country y Achievable Recoverable | Achievable CO»
Place (Tcm) Recoverable N
. CO: Storage Potential Storage
Potential (Tem) R .
Potential (Gt) (Tem) Potential (Gt)
United States 93 24 134 9 51
North America Canada 42 11 43 4 16
Mexico 67 19 72 7 27
Sub-Total 202 55 249 21 95
Northern South America 3 1 3 0 1
South America | Southern South America 126 34 119 13 45
Sub-Total 129 35 122 13 46
Poland 22 5 19 2 7
Europe Eflstern Europe 8 2 7 1 3
Western Europe 43 11 47 4 18
Sub-Total 73 18 72 7 27
Central North Africa 53 14 55 5 21
Africa Morocco 8 2 6 1 2
' South Africa 52 14 52 5 20
Sub-Total 112 30 113 11 43
China 145 36 132 14 50
. India/Pakistan 14 3 11 1 4
Asia
Turkey 2 0 2 0 1
Sub-Total 160 40 144 15 55
Oceania Australia 39 11 39 4 15
Grand Total 717 188 740 71 281

Enhanced Gas Recovery and CO, Storage in Gas Shales: A Summary Review
of its Status and Potential. Michael Godeca*, George Kopernaa, Robin Petrusaka, and Anne Oudinot
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CO, Emissions Worldwide
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Significant Shale Reserves VS. High Volume Emitters

Shale Reservoirs Co, Emissions
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OUTLINE

US Shale Resources
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US Shale Reservoirs
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US Shale Reservoirs
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Shale Gas Formations and Their Potential for Carbon Storage: Opportunities and Outlook

Roozbeh Khosrokhavar & Steve Griffiths & Karl-Heinz Wolf schlumhepgell
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US CO, Emissions
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Significant Shale Reservoirs VS. High Volume Emitters

Shale Reservoirs CO, Emissions
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Current CO, Infrastructure VS. High Volume Emitters

CO, EOR Infrastructure

o

GHGRP, 2015
Capture and Production of CO;
« Capture Facilities - Industrial Sources
Production Wells - Natural Sources

- Existing CO, pipeline (Department of
Transportation)

Data Source: 2016 Greenhouse Gas Reporting Program (As of
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OUTLINE

CO, Storage in Shales
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Storage in Conventional VS Unconventional/Shales
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Conventional Reservoirs
 Structural
 Capillary

* Solubility
 Mineral trapping

MCO,e=Axhx ¢ xpCO, xE

Unconventional/Shale Reservoirs

» CO, Adsorption onto organic materials and clay
minerals

* ranging from 20% to 80% of original-gas-in-place
(OGIP)

» CO, is adsorbed preferentially over methane
(CH4) (up to a 5:1 ratio by molecule)

« potential added benefit of enhanced gas recovery

(EGR)
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Marcellus CH, and CO, Adsorption Isotherms
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Marccllus Adsorption Isotherms
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Michael Godec et al. / Energy Procedia 63 ( 2014 ) 5849 — 5857
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Conventional VS Shale Storage Mechanisms

Pure free gas transport mechanism

Free gas flow in matrix pore system Free gas flow in fracture system

Adsorbed gas & free gas transport mechanism

Gas desorption in matrix pores and fractures Adsorbed gas & free gas flow in matrix pores  Adsorbed gas & free gas flow in fractures

@ Adsorbed gas o Free gas O Desorbed gas et DESOIPUON et FlOW N porous media

Song, B., Economides, M.J., Economides, C.E., 2011. Design of multiple fracture horizontal wells in shale gas reservoirs. In: SPE Hydraulic Fracturing Technology Conference and Exhibition, SPE Paper 140555, The
Woodlands, Texas, USA

Slide 19

Schiumhergep



Slide 20

Organic Matter & Clay Mineral Heterogeneity

Shales contain porous solid organic
matter

Small pore size means different
transport physics

Pore geometry and chemistry
control transport

Heterogeneity at micron length
scale
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Shale Characterization

Formation Period Location TOC Vitrinite Color
wt% reflectance

Antrim Shale Late Devonian ~ Michigan Basin, US 0.5-24 0.4-0.6 Black

Barnett Shale Mississippian Fort Worth and Permian 32 2:25 Dark Gray
Basin, US

Marcellus Shale Devonian New York, Ohio, Pennsylvania, 3.8 1.56 Black
West Virginia, US

Haynesville Shale Late Jurassic Louisiana, East Texas, US 4.2 237 Black

Woodford Shale Devonian- Oklahoma, Texas, US 2 1.51 Gray

Mississippian
Duvernay Shale Devonian Alberta, Canada 4-11 0.4-141 Dark Brown

Shale Gas Formations and Their Potential for Carbon Storage: Opportunities and Outlook Roozbeh Khosrokhavar & Steve Griffiths & Karl-Heinz Wolf

Total Organic Carbon (TOC) And Vitrinite Reflectance (VR)
VR 0f 0.5%-0.6% QOil Generation, VR of 0.85%-1.1% Gas Generation
Schiumhergep
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Shale Storage Capacity

Theoretical — Langmuir Isotherms
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Lab Analysis — using experimental
adsorption data and adsorption models

Analysis of carbon dioxide sequestration in shale gas reservoirs by using experimental adsorption data and adsorption models Sukru Merey*, Caglar Sinayu
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Modeling of CO, Injection

Schematic View of Shale Gas Reservoir Cumulative gas Moles of the CH, and CO,
Model for the CO, Injection with and without CO, Injection
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Modeling of CO2 Injection Considering Multi-Component Transport and Geomechanical Effect in Shale Gas Reservoirs.

T.H. Kim, S.S. Park and K.S. Lee scm“mhﬂpger
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OUTLINE

45Q Tax Credit Enhancement — Future Act
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Imbalance In Clean Energy Investment 2006 - 2015

2750
2500
2500
CES: 2250
2000
billion 1750
Uss 1500
billion
Total clean 1250
energy:
1000
arpe 750
billion
500
250
20
0
CCs All clean
energy
Source: Clean energy data from Bloomberg New Energy Finance, 2016. Clean Energy
Investment By the Numbers - End of Year 2015,
CC5 data sources from IEA, 2015. Tracking Clean Energy Progress 2015, Energy Technology
Perspectives 2015 Excerpt IEA Input to the Clean Energy Ministerial. Paris. OECD/IEA
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S.1535 - Future Act

 Introduced July 12, 2017 by Senator Heitkamp (D ND)
» Signed into Law Feb 9, 2018 as part of Bipartisan Budget Act of 2018

Pre-Budget Act
Qualified Sequestration

Post-Budget Act
Qualified Sequestration

$10/ton plus inflation

$12.83/ton to $35/ton plus inflation (linear increase

EOR, cher through 2026; inflation adjustment thereafter)
Industrial — — : . e

A 75 million ton limit Credit applies for 12 vears beginning on date
Utilization~ : : :

equipment placed in service
$20/ton plus inflation $22.66/ton to $30/ton plus inflation (linear increase
: through 2026; inflation adjustment thereafter)

Sequestration

75 million ton limit

Credit applies for 12 vears beginning on date
equipment placed in service

Schiumhergep



Estimated and Measured FOAK* Costs for CCUS
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Cement

IGCC

Natural Gas Combined Cycle
Iron & Steel

Oxyfuel

Supercritical PC

Fertilizer
Biomass-to-Ethanol

Natural Gas Processing

S 5104-194
S s81-148
I s80-160
DN $67-119
I s63-121
I s60-121
s23-33
B 521-27
W $20-27
50 100 150 200
SUSD Per Ton of CO,

Source: Adapted from the Global CCS Institute, 2017. EFI, 2018,

250

* First of a Kind
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OUTLINE

Two Hypothetical CCUS Examples applying 45Q
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Tax Credit Available for Different Sources and Uses of CO,

Minimum Size of Eligible Carbon Capture Plant by Relevant Level of Tax Credit in a Given Operational Year
Type (ktCO,/yr) (SUSD/tCO,)

©
Di Ai c WO
storage/Uss | prant | mdustial | FERT £ g
. Facility P §~

Dedicated

Geological 500 100 100 28 31 34 36 39 42 45 47 50
Storage

s‘°’:g:"‘° 500 100 100 17 19 22 24 26 28 31 33 35

Indexed to Inflation

Other
Utilization 25 25 25 172 19 22 24 26 28 31 33 35

Processes?

! Each CO, source cannot be greater than 500 ktCO,/yr
2 Any credit will only apply to the portion of the converted CO, that can be shown to reduce overall emissions

ENERSY IUIRES  source: Closely adapted from Simon Bennett and Tristan Stanley, Commentary: US budget bill may belp carbon capture get back on track, international Energy Agency

Schiumbeprger
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Hypothetical Ethanol or Ammonia Plant — Geologic Storage

Geologic Storage 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
Credit per Tonne 31.00 34.00 3600 39.00 4200 4500  47.00 50.00 51.00  52.02  53.06 54.12
1 2 3 4 5 6 7 8 9 10 11 12
45Q (SM) $ 310 $ 650 S 101.0 S 140.0 S 182.0 $ 227.0 $ 2740 $ 3240 $ 3750 $ 4270 $ 4801 $ 534.2
CO2SALES (SM) 'S - s - § - § - § - § - S5 - 5 - 5 - S5 - 5§ - 5§ -
TOTAL (SM) $ 31.0 $ 650 $ 101.0 $ 140.0 $ 182.0 $ 227.0 S 2740 S 3240 S 3750 S 427.0 S 4801 $ 534.2
FACILTIES(SM) S (5.5 $ (11.0) $ (16.5) $ (22.00 $ (27.5) $ (33.0) $ (38.5) $ (44.0) $ (49.5) $ (55.0) $ (60.5) $ (66.0)
0&M(SM) ¢ (1.0)0 $ (200 $ (3.00 $ (400 $ (500 $ (600 $ (700 $ (80) $ (9.0) $ (10.0) $ (11.0) $ (12.0)
TRANS(SM) $ (L0) $ (200 $ (3.00 $ (400 $ (500 $ (600 $ (7.00 $ (8.0) $ (9.0) $ (10.0) $ (11.0) $ (12.0)
STORAGE(SM) $ (7.0) $ (14.0) $ (21.0) $ (28.0) $ (35.0) $ (42.0) $ (49.0) $ (56.0) $ (63.0) $ (70.0) $ (77.0) $ (84.0)

1M Tonne/Year

Capital Cost $66M

Pipeline Cost $12M (Inj well on Plant Site)
O&M 1Mlyear

CO, Injected in a Saline Aquifer

Schiumhergep



Hypothetical Ethanol or Ammonia Plant Selling CO, for EOR

Geologic Storage

2019

2020

2021

2022

2023

2024

2025

2026

2027

2028

2029

Slide 31

2030

Credit per Tonne 31.00 34.00 3600 39.00 4200 4500  47.00 50.00 51.00  52.02  53.06 54.12

1 2 3 4 5 6 7 8 9 10 11 12
45Q (SM) $ 310 $ 650 S 101.0 S 140.0 S 182.0 $ 227.0 $ 2740 $ 3240 $ 3750 $ 4270 $ 4801 $ 534.2

CO2SALES (SM) 'S - s - § - § - § - § - S5 - 5 - 5 - S5 - 5§ - 5§ -
TOTAL (SM) $ 31.0 $ 650 $ 101.0 $ 140.0 $ 182.0 $ 227.0 S 2740 S 3240 S 3750 S 427.0 S 4801 $ 534.2
FACILTIES(SM) S (5.5 $ (11.0) $ (16.5) $ (22.00 $ (27.5) $ (33.0) $ (38.5) $ (44.0) $ (49.5) $ (55.0) $ (60.5) $ (66.0)
0&M(SM) ¢ (1.0)0 $ (200 $ (3.00 $ (400 $ (500 $ (600 $ (700 $ (80) $ (9.0) $ (10.0) $ (11.0) $ (12.0)
TRANS(SM) $ (L0) $ (200 $ (3.00 $ (400 $ (500 $ (600 $ (7.00 $ (8.0) $ (9.0) $ (10.0) $ (11.0) $ (12.0)
STORAGE(SM) $ (7.0) $ (14.0) $ (21.0) $ (28.0) $ (35.0) $ (42.0) $ (49.0) $ (56.0) $ (63.0) $ (70.0) $ (77.0) $ (84.0)

1M Tonne/Year

Capital Cost $66M

Pipeline Cost $36M

O&M 1Mlyear

CO, Sold for EOR at $15/Tonne

Schiumhergep
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v" Potential for CO, Storage in Shales is Significant

v Shales Resources Available to Largest Emitting Countries
v Opens up Eastern US for CO, Infrastructure Development
v' CO, Preferentially adsorbed over CH, — Win/Win

v US 45Q Tax Credit Enhancements A Game Changer

v Will spur lower capture cost industrial plant into action —

Now
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