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1. Introduction




Course Objectives

AUnderstand the basic science of
- CO, flooding and related techniques
- Carbon capture

- Transportation
- Carbon storage (oll fields, gas fields, saline reservoirs and coal beds)

AUnderstand the regulatory scheme i wellbore integrity focus

AUnderstand economics of CQ flooding and how it relates to
CGQ, price requirements and capture costs

AUnderstand basic monitoring strategies for both EOR and CCUS
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Outline

. Introduction

1. History of CO, Flooding

Ill.  Reservoir Technology

V.  Well Design, Surface Facilities & Operations
V. Regulations

VI. Carbon Balance

VIl. Screening and Economics

VIIl. 45Q Tax Credits

IX.  Other Storage Options Gas Fields,
Saline Reservoirs & Coal Beds

X. Capture & Transportation
XI.  Fitting It All Together
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Instructor T Chuck Fox

A Charles E. (Chuck) Fox is the CEO and a founder of
Windy Cove Energy I, LLC, which develops oil and

gas projects in the horizontal San Andres play of the
Permian Basin.

A Previously Mr. Fox was the Vice President of
Operations and Engineering for Kinder Morgan CO ,
Company. He was responsible for operating the 1.2
BCFD McEImo Dome and Doe Canyon CO, source
fields, over 1000 miles of CGO, and crude oil pipelines,
and the SACROC, Yates and Katz oil fields where over
50,000 BOPD were produced. During his time at
Kinder Morgan, the CO , Company went from zero oil
production to become the second largest oil producer
in Texas.

A Prior to joining Kinder Morgan, Mr. Fox worked
for Shell Oil Company in various domestic and
international assignments.

A Mr. Fox is a co-author of the Society of Petroleum
Engi neers monograph, gPractf
Floodingdé and an SPE Distinl|f
holds a B.S. in mechanical engineering from Rice
University and an M.S. in Petroleum Engineering from
Stanford University. He is a professional engineer :
registered in New Mexico and Texas. I
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What is Carbon Storage?

Transportation

Capture

Storage
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What i1s CCUS?

ACarbon Capture Utilization and Storage

ACCUS technologies involve the capture of carbon dioxide (CQ) from
fuel combustion or industrial processes, the transport of this CO,, via
ship or pipeline, and either its use as a resource to create valuable
products or services and/or its permanent storage deep underground
In geological formations. (International Energy Agency, IEA)

- | added the and/

Al't seems that the | EAGw®raggmsalinei t i on
reservoir. Where Is the utilization?

ACQO, could be used to make other substances such as plastics,
concrete or biofuels.

AThe utilization that we wil | discuss is the use of CG, to produce oil.
This process is followed by its internment in the subsurface.
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U.S. CO, EOR & CCUS Infrastructure

Over 250,000 BOPD were produced due to CQ injection in 2014

CO, to Canada—»
Great Plains
7 Coal
Gasification
Plant

T

LeBarge

Sheep

McElmo it Refinery

Dome e

Ridgeway CO, Ammonia
Discovery | Plant

Jackson
Dome

Legend
Underground source @
CG, pipeline —_

CGO, capture plant ]
CGO, EOR project )

The map is updated from the source: Denbury Resources Inc. i i C,@®ipelines: Infrastructure for CO,-EOR & CCSo60 (2009)
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CO, Flooding Schematic

productio
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2. History of CO , Flooding
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Science

A'In 1952 a patent was issued for
%n oil recovery method with

A Laboratory research was
published through the 1950s <
and 1960s1 enoughto
encouralge operators to initiate | I
CC% EOR projects after the

1973 oil embargo

A The basic science of CQ
miscible flooding was in"place
by the time the Society of
Petroleum En%me(ejrs SPE)

e

ubl i s t he n
| spl acement o m
1983

A Enough field experience was
ained over the nexttwo
ecades for the SPE to publish

t he nNnPractica
FIl oodi ngo monog
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Beginnings 1 1970s

A CO, flooding began in earnest in B

January 1972 when Chevron began .+ New Mexico

injection at the SACROC oil fiel

A Shell soon followed in April at North
Cross

A Two years later in 1974, a small
company, Orlapetco began injection
at Two Freds

A All the fields were connected to )
natural gas plants located in the Val
Verde Basin via pipelines

A CO, was being separated from the ‘
natural gas sales stream and

Artesia
o

vented at these plants e

A This CQO, was caclotured1 dehydrated o
and compresse

A Initial successes and the energy ’s

crisis caused by the Arab oll o

embargo lead to the search for Ye,
more and larger CO, sources to e
expand CGQ, flooding to other 1%
reservoirs | K
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into pipelines “Two Freds
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°
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Growth & Retrenchment I 1980s & 1990s

A Major sources of CQ, and

associated pipeline infrastructure ][f“““ "";::% N
were developed in the late 1970s £yl [ a2
and early 1980s - e 7 £y
McEIlmoDome, Bravo Dome and G Ve | L *“._4 j s
Sheep Mountain serviced the T f t\" | e | re. ){
Permian Basin N = [ | — *f A Y
- Jackson Dome serviced the Gulf VS A*";‘"'"“'- | }r’f 27 A
Coast A & b [“""“‘ e B M
- The Enid ammonia plant serviced b, " ik ] _;Lu.m. /
Oklahoma e Terrell, Puckett, [7 ‘, Ahhalm
- LaBargeserviced Wyoming and ':::MMZZZ /\‘v ‘—‘\‘ .
Colorado (LaBarge produces 30-40% NI T e R
of the worl dds Hel \ A |
- Enid and LaBarge are anthropogenic
sources Source: Al ndust r yf obrx peenrhi aenncceed w@itlh ReeCc overyo
A The ol price drop in 1986 stalled Workshop on California Opportunities for CCUS/EOR (2012)

growth until the mid -1990s

A The number of US projects
increased from 3in 1974 to 29 in
1986 to 39 in 1994 and 65 in 2000
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Rebirth & (Perhaps) Stagnation I 2000s

Worldwide CO, EOR Projects and Oil Price
160
140
120
100
Sources: Oil & Gas Journal,
2010 Worldwide EOR Survey,
April 19, 2010 &
2014 Worldwide EOR Survey
April 7, 2014

80

60

40

20

0

DI P TP A RPN S RN I N
SANCASCICAR I I I K

S M A . X N, M
»
B S FF S

I Cumulative US Miscible Projects Started 8 Cumulative US Immiscible Projects Started
m Cumulative International Projects Started Inflation Adjusted Price (2020), $/BO

A By 2000 and with over 25 years of CO, flood experience, the industry thought that the
technical risks were well khnown

A The number of US projects doubled from 2000 to 2014 gbut the Brojects were not as
large as those started in the 1980s and which underwrote the CO, source and
transportation infrastructure)

A No projects commenced after 2014 when the oil price crashed (twice)

A Wil_ldt’pe industry sanction long term projects while the memory of price volatility remains
vivid?

A Have all the good floods been done?
WIWINDY COVE ENERGY I AGE 17



International Experience

A Canada

- At least six projects were started from 1984 i 2005

- The largest is Weyburn (Midale)

- Weyburn uses CQ captured from the Great Plains Coal Gasification Plant in North Dakota
- The Great Plains plant was a child of the energy crisis

A Trinidad

- 5 immiscible floods
- Started 19747 1990
- Sourced from a refinery

A Brazil
- 2 Immiscible floods started in 1991 and 1999
- 1 miscible flood started in 2009

A Turkey
- 1 immiscible flood started in 1986
- Underground source

A Hungary

- 3 immiscible floods
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3. Reservoir Technology
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Tertiary Recovery 1 After Waterflooding

A Qil fields can be developed in stages: primary, secondary,
tertiary

A Primary production
- Almost without exception fields start in the primary phase

- Wells may initially flow and then be pumped, or the wells could
be pumped at the start

- Eventually the reservoir pressure declines to a point where
production rates are uneconomic

A Secondary operations
- Some producing wells are converted to injection

- Water or hydrocarbon gas is injected to increase pressure and
move the oil from the injector to the producer

A Tertiary operations
- Secondary recovery leaves oil behind

- In the case of waterfloods, the injectant is changed to CO ,,
steam, or polymer or surfactants are added to the water

Alt s possible to skip a phase
A CQ, injection is usually conducted after waterflooding
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Solvents 1T Propane, NGLs, CO ,

AHave you ever tried to rinse oil-based paint off a
paintbrush with a garden hose?

Turpentine, a solvent, works much better

Propane, natural gas liquids and CQ, can act like solvents in the
reservoir and move oil that is trapped in the pores during a waterflood

AMiscibility

Substances are miscible if, when they are mixed, they form one phase
CQO, acts like a solvent when it becomes miscible with the oil

AFirst contact vs. multiple contact miscibility

Oil is a complex substance with carbon chains with different numbers
of carbon atoms

%Oz i% not miscible with all the components upon initial contact with
e oi

As CQ moves through the reservoir the lighter components of the oil
vaporize into the CG, ...causmfg the mixture to become more like the
heavier components, eventually leading to its miscibility with the oil.

lslimicléacr)lzy CQO, condenses into the oil as it passes, making the oil more
ike
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Minimum Misciblility Pressure (MMP)

CO; Thermodynamic MMP

A CO, needs to be above the %

MMP to be miscible

A The MMP varies by oil type
and its reservoir temperature

A The top plot shows the
results of a slim tube test

- At 1375 psia the oil recover .
IS above 90% and addltlona I 900 1,0|00 1,1|00 1,200 1,3]00 1,400 1,5]00 1,6I00 1,7]00

ok
A

90
80 —

70 — (O Multiple-Contact Miscible

l:] Immiscible
60

% Recovery at 1.2 HCPV of CO; Injected

pressure increases will not Test Pressure, psia

|mprove recovery mUCh Source: SPE Monograph 22, Practical Aspects of CO2 Flooding
- BeIOW the MMP1 CQ IS Density (at 105 °F) versus Pressure (of CO,, CH, and N,)

Immiscible, but still recovers

oil by swelling the oil and 9 [ 204 e, s begins AOT g

reducing its viscosity o e R }“‘

A The bottom plot shows the

density of CO, vs. pressure o
- The MMP will be Y I R A N A N | (s N

approximately equal to the
pressure where the density .
of the CO, and oil are equal 0 g

500 1,000 1,500 2,000 2,500 3,000 3,500 4,000

Pressure, psia

Source: Basin Oriented Strategiesi Permian Basin, ARI 2006
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Impurities

A lmpurities can raise
(hurt) or lower (help)
the MMP

A A formula (which is not
%ven exists to estimate
e effect of impurities

on the MMP

A Substances with critical
temperatures (T.) lower
than CO,0 s, raife the
MMP

A Methane (CH,) makes
achieving miscibility
harder

- A mixture of 90% CO,

and 10% CH, has an
MMP 33% higher than

pure CG,

- For an 80/20 mixture
the MMP is 54% higher

WIWINDY COVE ENERGY II

Gas T. (K)
Hydrogen 33.2
Nitrogen 126.2
Oxygen 154.6
Carbon Monoxide 132.9
Methane 190.6
Carbon Dioxide 304.2
Ethane 305.2
Hydrogen Sulfide 325.0
Propane 369.8
Butane 425.2
i-Butane 408.1
N-Pentane 469.6
i-Pentane 433.8
N-Heptane 507.4

Hurts

Helps
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Relative Permeability Curves -1

Alt 6s easier fo ™ o h as
_OI|% to flow through a rock if for waterflocd
| 0s the only !

present

A If another fluid is present
(such as water), it is
re_llatlvely harder to move the
ol

A Relative permeability curves
llustrate this effect

0.1 |

Water

0.01 |

Relative Permeability, fraction

A Immobile water and =
Immobile oil exist in the pore
space of the rock 0.001
. 0.2 0.3 0.4 0.5 0.6 0.7 0.8
A In th|Sexamp|e31% Of the Water Saturation, fraction
water IS Immobile and 28% The water hysteresis curve is only present
(117 0.72) of the pore space when CO, is injected. In this case there are
IS filled with immobile ol three fluids competing for space to move.

Since it is miscible with the oil, CO, follows the
general shape of the oil relative permeability
curve.

WIWINDY COVE ENERGY II K., = relative permeability to water



Relative Permeabllity Curves

- 2

A In this example, at discovery, the reservoir
contains 25% water and 75% oil

- The oil is at maximum mobility i relative
permeability of 1.0

-  The water is immobile

A Oil is produced during primary

- Oil 6s saturation decl
permeability

- Eventually water becomes mobile

A Waterflooding begins

- As more and more water is injected, the
water saturation increases, and the oll
saturation decreases

- The relative permeability of oil decreases
and the water permeability increases

- At the end of the waterflood, the oil is
essentially immobile

- The residual oil saturation to waterflooding
is 28% in this case
A COQ, flooding begins

There are more curves, and it gets
complicated

- Key: the residual oil saturation to CO,,
flooding is 2 1 5% (the solvent is working)

- Key: the water is harder to move

- Key: a portion of the CO,, ultimately
becomes immobile

WIWINDY COVE ENERGY II

Relative Permeability, fraction

1.0

I Discovery Maximum Krw
for waterflood
Qil —»
0.1
End of
waterflooding
Water
0.01 |
Water
(hysteresis) y
0.001 T T T T T
0.2 0.3 0.4 0.5 0.6 0.7 0.8

Water Saturation, fraction

Total permeability for a fluid equals the
rock permeability multiplied by the relative
permeability
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Other Processes

AVertical Floods
- Miscible or immiscible process
- Inject CO, at the top of the reservoir
- Use gravity to segregate the CO, and oil

- Produce olil from the bottom of the reservoir T may involve recompleting
downward

AHuff & Puff

- Immiscible process
- Inject CO, into a production well
- Wait a few weeks and allow the CO, to make the oil more mobile

- Produce

AUnconventional
- Injection of CO, into shale reservoirs (huff & puff so far)
- Seems to work at least technically

- Low permeability increases recovery times when compared to CQ, injection
Into conventional reservoirs
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4. Well Design, Surface
Faclilities & Operations

PPPPPP



Waterflood & CO , Flood Differences

A CGQ, injection operations are at higher surface

pressure than water injection operations

- CQG, is less dense than water, so a higher surface
pressure Is required to provide the same
bottomhole pressure

- Could require modification to wellheads

A Corrosion

- Dry CG, poses no corrosion problem

- The combination of water and CO, poses severe
corrosion problems
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CO, Properties 1T Compressible Fluid

Increase the pressure of 70°F CO,, Increase the temperature of 1800 psig
Methane or Water in the 500-mile, 30" CO,, Methane or Water in the Cortez PL
Cortez PL from 1800 psig to 1900 psig from 70°F to 80°F

Additions to inventory: Pressures increase to :
CO,: 20 million Ibs CO,: 2300 psig

Water: 0.8 million Ibs Water: 2250 psi
Methane: 18 million lbs Methane: 1910 psig

Sometimes COZ acts more like a liquid and sometimes more like a gas

WIWINDY COVE ENERGY I
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Corrosion Mitigation

A Presence of H,S
A H,Sis normally thought of as a corrosive agent

A ltcan create a passivatingblay_er on steel (like aluminum oxide on aluminum) and
reduce corrosion from carbonic acid

A Carbon Steel Specifications

A Higher carbon content in carbon steel favors better adherence of protective
corrosion products and corrosion inhibitors

A Corrosion Resistant Alloys

A 316 stainless steel
A 13 Chrome

A Monel =
A Plating and Coating
A Nickel

A Polyethylene

A Thin film epoxy
A Elastomers

A High durometer (<90)

A Nitrile & Viton
A Injection of Corrosion Inhibitors
A Cement - :
A Corrosion mitigation has been solved Corroded Tubing Coupling
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CO, Flood Production Systems

CG,

Delivery

Injection
Well

CO,

Injection
System

Gas

Production
Well
Sales

Gas Plant m}/ggtigrn | IWater Supply Satellite
_ System System or Disposal Facilities
Qil
L=
Sales \
Fluid
Gathering

Gas
Gathering
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CO, Compressors and Pumps

ACQ, is recycled during
the enhanced oll
recovery process

ACo_mpressors are used
to Increase the
pressure

AOnce cool CQ0 s
Shop construction of a 5000 hp, pressure 1S abQV.e
30 MMSCFD compressor about 1500 PSI, It can
be pumped, saving
energy but increasing
complexity

ACQO, pipelines use
pumps
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