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Agenda

10:00am Call to Order

Chair, Lanny Schoeling 

Vice Chair, Adam Peltz

10:05am   Workshop Overview

Chuck Fox, CEO & President, Windy Cove Energy II

10:20am   History of CO 2 Flooding

10:30am The Technology ðReservoir

10:45am Well Design, Surface Facilities, and Operations

11:30am Regulatory

11:50am Carbon Balance

12:10pm 30-minute Lunch Break 



Agenda

12:40pm Screening and Economics

1:00pm 45Q 

Al Collins, Vice President, Public Policy and External         

Engagement, Low Carbon Ventures,  OXY Petroleum

1:20pm Saline Reservoirs, Gas Fields, Unconventional          

Chuck Fox, CEO & President, Windy Cove Energy II

1:30am Transportation

1:35am 10-minute Break

1:45am Carbon Capture

2:05pm Fitting It All Together

2:30pm Adjourn
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1. Introduction
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Course Objectives
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ÅUnderstand the basic science of 
- CO2 flooding and related techniques

- Carbon capture

- Transportation

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

ÅUnderstand the regulatory scheme ïwellbore integrity focus

ÅUnderstand economics of CO2 flooding and how it relates to 
CO2 price requirements and capture costs

ÅUnderstand basic monitoring strategies for both EOR and CCUS



Outline
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I. Introduction

II. History of CO2 Flooding

III. Reservoir Technology

IV. Well Design, Surface Facilities & Operations

V. Regulations

VI. Carbon Balance

VII. Screening and Economics

VIII. 45Q Tax Credits

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

X. Capture & Transportation

XI. Fitting It All Together



Instructor ïChuck Fox
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Å Charles E. (Chuck) Fox is the CEO and a founder of 
Windy Cove Energy II, LLC, which develops oil and 
gas projects in the horizontal San Andres play of the 
Permian Basin.  

Å Previously Mr. Fox was the Vice President of 
Operations and Engineering for Kinder Morgan CO 2

Company. He was responsible for operating the 1.2 
BCFD McElmo Dome and Doe Canyon CO2 source 
fields, over 1000 miles of CO2 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 2 Company went from zero oil 
production to become the second largest oil producer 
in Texas. 

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

Å Mr. Fox is a co-author of the Society of Petroleum 
Engineers monograph, òPractical Aspects of CO2

Floodingó and an SPE Distinguished Lecturer.  He 
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. Is it lying if you donôt update your photo?



What is Carbon Storage?

PAGE 9

Capture

Transportation

Storage



What is CCUS?
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ÅCarbon Capture Utilization and Storage

ÅCCUS technologies involve the capture of carbon dioxide (CO2) from 
fuel combustion or industrial processes, the transport of this CO2 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)

- I added the and/

ÅIt seems that the IEAôs definition allows for CO2 storage in saline 
reservoir.  Where is the utilization?

ÅCO2 could be used to make other substances such as plastics, 
concrete or biofuels. 

ÅThe utilization that we wil l discuss is the use of CO2 to produce oil.  
This process is followed by its internment in the subsurface.



U.S. CO2 EOR & CCUS Infrastructure

PAGE 11

The map is updated from the source:  Denbury Resources Inc. ïñCO2 Pipelines:  Infrastructure for CO2-EOR & CCSò (2009)

O

Legend
Underground source
CO2 pipeline
CO2 capture plant
CO2 EOR project

Over 250,000 BOPD were produced due to CO2 injection in 2014

Refinery



CO2 Flooding Schematic
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2. History of CO 2 Flooding
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Science
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ÅIn 1952 a patent was issued for 
an oil recovery method with 
CO2

ÅLaboratory research was 
published through the 1950s 
and 1960s ïenough to 
encourage operators to initiate 
CO2 EOR projects after the 
1973 oil embargo

ÅThe basic science of CO2
miscible flooding was in place 
by the time the Society of 
Petroleum Engineers (SPE) 
published the ñMiscible 
Displacementò monograph in 
1983

ÅEnough field experience was 
gained over the next two 
decades for the SPE to publish 
the ñPractical Aspects of CO2
Floodingò monograph in 2002



Beginnings ï1970s
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ÅCO2 flooding began in earnest in 
January 1972 when Chevron began 
injection at the SACROC oil field

ÅShell soon followed in April at North 
Cross

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

ÅAll the fields were connected to 
natural gas plants located in the Val 
Verde Basin via pipelines

ÅCO2 was being separated from the 
natural gas sales stream and 
vented at these plants

ÅThis CO2 was captured, dehydrated 
and compressed into pipelines

ÅInitial successes and the energy 
crisis caused by the Arab oil 
embargo lead to the search for 
more and larger CO2 sources to 
expand CO2 flooding to other 
reservoirs

TexasNew Mexico

Two Freds

North Cross

SACROC

Val Verde Basin



Growth & Retrenchment ï1980s & 1990s
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ÅMajor sources of CO2 and 
associated pipeline infrastructure 
were developed in the late 1970s 
and early 1980s

- McElmoDome, Bravo Dome and 
Sheep Mountain serviced the 
Permian Basin 

- Jackson Dome serviced the Gulf 
Coast

- The Enid ammonia plant serviced 
Oklahoma

- LaBargeserviced Wyoming and 
Colorado (LaBargeproduces 30-40% 
of the worldôs Helium)

- Enid and LaBargeare anthropogenic 
sources

ÅThe oil price drop in 1986 stalled 
growth until the mid -1990s

ÅThe number of US projects 
increased from 3 in 1974 to 29 in 
1986 to 39 in 1994 and 65 in 2000

Source:  ñIndustry Experience with CO2for Enhanced Oil Recoveryò 

Workshop on California Opportunities for CCUS/EOR (2012)



Rebirth & (Perhaps) Stagnation ï2000s
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ÅBy 2000 and with over 25 years of CO2 flood experience, the industry thought that the 
technical risks were well known

Å The number of US projects doubled from 2000 to 2014 (but the projects were not as 
large as those started in the 1980s and which underwrote the CO2 source and 
transportation infrastructure)

ÅNo projects commenced after 2014 when the oil price crashed (twice)

ÅWill the industry sanction long term projects while the memory of price volatility remains 
vivid?

ÅHave all the good floods been done?

Sources:  Oil & Gas Journal,
2010 Worldwide EOR Survey, 
April 19, 2010 &
2014 Worldwide EOR Survey
April 7, 2014



International Experience
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ÅCanada
- At least six projects were started from 1984 ï2005
- The largest is Weyburn (Midale)
- Weyburn uses CO2 captured from the Great Plains Coal Gasification Plant in North Dakota
- The Great Plains plant was a child of the energy crisis

ÅTrinidad
- 5 immiscible floods
- Started 1974 ï1990
- Sourced from a refinery

ÅBrazil
- 2 immiscible floods started in 1991 and 1999
- 1 miscible flood started in 2009

ÅTurkey
- 1 immiscible flood started in 1986
- Underground source

ÅHungary
- 3 immiscible floods



3. Reservoir Technology
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Tertiary Recovery ïAfter Waterflooding
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ÅOil fields can be developed in stages: primary, secondary, 
tertiary

ÅPrimary 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

ÅSecondary 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

ÅTertiary operations
- Secondary recovery leaves oil behind
- In the case of waterfloods, the injectant is changed to CO 2, 

steam, or polymer or surfactants are added to the water

ÅItôs possible to skip a phase

ÅCO2 injection is usually conducted after waterflooding



Solvents ïPropane, NGLs, CO 2
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ÅHave 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 CO2 can act like solvents in the 

reservoir and move oil that is trapped in the pores during a waterflood

ÅMiscibility
- Substances are miscible if, when they are mixed, they form one phase
- CO2 acts like a solvent when it becomes miscible with the oil

ÅFirst contact vs. multiple contact miscibility
- Oil is a complex substance with carbon chains with different numbers 

of carbon atoms
- CO2 is not miscible with all the components upon initial contact with 

the oil
- As CO2 moves through the reservoir the lighter components of the oil 

vaporize into the CO2 ...causing the mixture to become more like the 
heavier components, eventually leading to its miscibility with the oil.

- Similarly CO2 condenses into the oil as it passes, making the oil more 
like CO2



Minimum Miscibility Pressure (MMP)
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ÅCO2 needs to be above the 
MMP to be miscible

ÅThe MMP varies by oil type 
and its reservoir temperature

ÅThe top plot shows the 
results of a slim tube test

- At 1375 psia the oil recovery 
is above 90% and additional 
pressure increases will not 
improve recovery much

- Below the MMP, CO2 is 
immiscible, but still recovers 
oil by swelling the oil and 
reducing its viscosity

ÅThe bottom plot shows the 
density of CO2 vs. pressure

- The MMP will be 
approximately equal to the 
pressure where the density 
of the CO2 and oil are equal

Source:  Basin Oriented Strategies ïPermian Basin, ARI 2006

Source:  SPE Monograph 22, Practical Aspects of CO2 Flooding



Impurities
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ÅImpurities can raise 
(hurt) or lower (help) 
the MMP

ÅA formula (which is not 
given) exists to estimate 
the effect of impurities 
on the MMP

ÅSubstances with critical 
temperatures (Tc) lower 
than CO2ôs Tc raise the 
MMP

ÅMethane (CH4) makes 
achieving miscibility 
harder

- A mixture of 90% CO2
and 10% CH4 has an 
MMP 33% higher than 
pure CO2

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

Hurts

Helps



Relative Permeability Curves - 1
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ÅItôs easier for a fluid (such as 
oil) to flow through a rock if 
itôs the only substance 
present

ÅIf another fluid is present 
(such as water), it is 
relatively harder to move the 
oil

ÅRelative permeability curves 
illustrate this effect

ÅImmobile water and 
immobile oil exist in the pore 
space of the rock

ÅIn this example 31% of the 
water is immobile and 28% 
(1 ï0.72) of the pore space 
is filled with immobile oil

The water hysteresis curve is only present 
when CO2 is injected.  In this case there are 
three fluids competing for space to move.  
Since it is miscible with the oil, CO2 follows the 
general shape of the oil relative permeability 
curve.

Krw = relative permeability to water



Relative Permeability Curves - 2

PAGE 25

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

- The oil is at maximum mobility ïrelative 
permeability of 1.0

- The water is immobile

ÅOil is produced during primary
- Oilôs saturation declines as does its relative 

permeability

- Eventually water becomes mobile

ÅWaterflooding begins
- As more and more water is injected, the 

water saturation increases, and the oil 
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

ÅCO2 flooding begins
- There are more curves, and it gets 

complicated

- Key:  the residual oil saturation to CO2
flooding is 2 ï5% (the solvent is working)

- Key:  the water is harder to move 

- Key:  a portion of the CO2 ultimately 
becomes immobile  

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

Discovery

End of
waterflooding



Other Processes
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ÅVertical Floods
- Miscible or immiscible process
- Inject CO2 at the top of the reservoir
- Use gravity to segregate the CO2 and oil
- Produce oil from the bottom of the reservoir ïmay involve recompleting 

downward 

ÅHuff & Puff
- Immiscible process
- Inject CO2 into a production well
- Wait a few weeks and allow the CO2 to make the oil more mobile
- Produce

ÅUnconventional
- Injection of CO2 into shale reservoirs (huff & puff so far)
- Seems to work at least technically
- Low permeability increases recovery times when compared to CO2 injection 

into conventional reservoirs



4. Well Design,                          Surface 
Facilities & Operations
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Waterflood & CO 2 Flood Differences 
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Å CO2 injection operations are at higher surface 
pressure than water injection operations
- CO2 is less dense than water, so a higher surface 

pressure is required to provide the same 
bottomhole pressure

- Could require modification to wellheads

Å Corrosion
- Dry CO2 poses no corrosion problem
- The combination of water and CO2 poses severe 

corrosion problems



CO2 Properties ïCompressible Fluid
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Sometimes CO2 acts more like a liquid and sometimes more like a gas

Increase the pressure of 70ºF CO2, 

Methane or Water in the 500-mile, 30" 

Cortez PL from 1800 psig to 1900 psig

Additions to inventory:

CO2: 20 million lbs

Water: 0.8 million lbs

Methane: 18 million lbs

Increase the temperature of 1800 psig

CO2, Methane or Water in the Cortez PL 

from 70ºF to 80ºF

Pressures increase to :

CO2: 2300 psig

Water:  2250 psi

Methane: 1910 psig

21 

deg C



Corrosion Mitigation
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Å Presence of H2S
Å H2S is normally thought of as a corrosive agent 

Å It can create a passivating layer on steel (like aluminum oxide on aluminum) and 
reduce corrosion from carbonic acid

Å Carbon Steel Specifications
Å Higher carbon content in carbon steel favors better adherence of protective 

corrosion products and corrosion inhibitors

Å Corrosion Resistant Alloys
Å 316 stainless steel 

Å 13 Chrome 

Å Monel 

Å Plating and Coating
Å Nickel 

Å Polyethylene

Å Thin film epoxy

Å Elastomers 
Å High durometer (<90)

Å Nitrile & Viton

Å Injection of Corrosion Inhibitors

Å Cement

Å Corrosion mitigation has been solved Corroded Tubing Coupling



CO2 Flood Production Systems
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Injection 
Well

Production 
Well

Satellite 
Facilities

Fluid 
Gathering

Gas 
Gathering

Water 
Injection 
System

Gas Plant 
System

CO2

Injection 
System

Oil 
Sales

Gas
Sales

CO2

Delivery

Water Supply
or Disposal

Potential for major alterations shown in red



CO2 Compressors and Pumps
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ÅCO2 is recycled during 
the enhanced oil 
recovery process

ÅCompressors are used 
to increase the 
pressure 

ÅOnce cool CO2ôs 
pressure is above 
about 1500 psi, it can 
be pumped, saving 
energy but increasing 
complexity

ÅCO2 pipelines use 
pumps 

Shop construction of a 5000 hp, 
30 MMSCFD compressor


