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Abstract

Current master thesis deals with petrophysical and geomechanical analysis of the

Tensleep formation, Teapot Dome field in Natrona County, Wyoming, United

States of America. The main aspect of the analysis is the selection of a suitable

location (well) to carry out the injection of CO2 as the last and integral part of

the carbon capture and sequestration technology. This is done through a careful

analysis of a list of factors that affect the integrity of the caprock, which during

the thesis was considered of critical importance. Dominant part of the analysis

is performed with two key Schlumberger softwares: Techlog Wellbore Software

Platform, which integrates all wellbore-centric data types into multidisciplinary

workflows and Petrel EP Software Platform, which allows to perform well correla-

tions, interpret seismic data, build reservoir models, calculate volumes and others.

The well selection process is divided into three key parts: (i) ductility-brittleness

maps are created for the caprock zone according to the cross-plots of Young’s

modulus-Bulk modulus and (ii) calculation of HCPV amounts for the reservoir

and (iii) juxtaposing these techniques via six types of constraints that yield a

number of possible scenarios, from which the most optimal well can be selected.

Some of the calculated results include: average lithology composition for the

caprock is 78% dolomite, 14% limestone, 8% anhydrite. Average composition

of the reservoir is 52% limestone, 25% dolomite, 23% sandstone. Permeability

was calculated with Coates’ method, resulting in an average value of 0.0594 mD

for the caprock . The average volume of shale in the caprock is 0.5188 v/v, leading

to the conclusion that it is shaly. It was concluded from the geomechanical anal-

ysis that the average fracture gradient for the caprock was 3444.161�62.011 psi,

while the average maximum and minimum horizontal stresses were 4650 psi and

2600 psi, respectively. Well 17-WX-21 was selected as the most suitable well for

injection, because it lied within a ductile zone as confirmed by the mineralogical,

geomechanical and rock strength results. Calculated storage capacity is 168.68 Mt.

Keywords: CO2 injection, CCS, caprock integrity, wireline logs, reservoir anal-

ysis, caprock analysis, storage capacity, ductility.
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Nomenclature

Symbol Definiton

�bulk Formation bulk density

� Viscosity

�tcomp Compressional slowness of the bulk formation

A Cross section of the rock

BMKDY N Dynamic bulk modulus

Bo Formation oil volumetric factor

CALD Caliper log

CEP Capillary entry pressure

CCS Carbon capture and sequestration

Cdyn Dynamic bulk compressibility

CNL Neutron porosity

CO2 Carbon dioxide

cP Centipoise

DT Compressional slowness log

E Young’s modulus

EOR Enhanced oil recovery

ft Feet (1 ft = 0.3048 m)

FG Fracture gradient

FPRESS Formation pressure log

FTEMP Formation temperature log

g Gravity acceleration (9.80665 m/s2)

G Shear modulus

Gdyn Dynamic shear modulus

GR Gamma ray log

Gt Gigaton (109 � ton)

HC Hydrocarbon

HCPV Hydrocarbon per volume

HS Hydrostatic pressure

HSE Health, safety and environment
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IFT Interfacial tension

IGR Gamma ray shale index

k Permeability

K Bulk modulus

Kdyn Dynamic bulk modulus

L Length of the rock

mD Millidarcy

MD Measured depth log

Mpsi Mega-psi (106 � psi)
Mt Mega-ton (106 � ton)

ND Neutron density log

NTG Net-to-gross

OOIP Original oil in place

OWC Oil-water contact

NPHI Neutron porosity log

PEFZ Photoelectric factor log

PHIE Effective porosity log

PHIT Total porosity log

PRDY N Poisson’s ratio

PV Pore volume

psi pounds per square inch (1 psi = 0.0689 bar)

ppm parts per million

Q Flow rate

RHOB Bulk density log

RT Deep resistivity log

Rsp Ratio between shear and compressional slowness

RB/BBL Reservoir barrels per barrel

RF Recovery factor

SP Spontaneous potential log

STOIIP Stock-tank original oil in place

SMGDY N Dynamic shear modulus

SW Water saturation

SW C Critical water saturation

StDev Standard deviation

Tstr Tensile strength

UCS Unconfined compressive strength



v/v volume per volume

VANH Volume of anhydrite

VDOL Volume of dolomite

VLS Volume of limestone

Vsh Volume of shale

VSS Volume of sandstone

WAG Water alternating gas injection

YMEDY N Dynamic Young’s modulus
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CHAPTER1
Introduction

1.1 Problem De�nition and Methods

The key objective of this master thesis is to perform a petrophysical, geological,
geomechanical analysis of the possibilities to inject CO2 into Tensleep reservoir in
Teapot Dome �eld in Wyoming, USA for storage purposes. CO2 injection requires
proper planning, taking into account the strength of the caprock, reactions of CO2
with the formation water, e�ect of fractures on permeability etc. The data used
in the master thesis is in free access and serves as a basis for all the analytical
work performed. The work is concentrated on two regions: Permian layer (the
caprock) and Pennsylavanian layer (the reservoir). Throughout the work three
key assumptions are made: (i) the reservoir is depleted (the oil is produced), (ii)
none of the wells are plugged and (iii) the wells are vertical (i.e. they are not
directional-deviated wells). Our master thesis is based on calculations performed
with Schlumberger software: log analysis with Techlog© , reservoir 3D visualisa-
tion in Petrel© . Main limitation of the thesis was time, since the amount of it was
not su�cient to perform the Eclipse© simulation. The main targets (methodol-
ogy) addressed in the thesis can be summarised with the following comprehensive
list:

1. perform a geological analysis of the Teapot Dome �eld;

2. describe the lithology present in the region (focusing on both the caprock
and the reservoir);

3. perform a petrophysical (porosity, water saturation etc.) analysis of the re-
gion using the wireline logs (see Table 5.3 for more information) in Techlog© ;

4. perform a geomechanical analysis of the Tensleep region. It consists of
calculating the elastic properties and rock strength properties as seen in
Chapter 5.5;

5. study the trends of the properties in two distinct geological zones: Penn-
sylavanian (the reservoir) and Permian (the caprock)

6. study the theoretical background of the CCS process (three main parts:
capturing, transportation and injection), focusing mainly on the injection;

7. carry out the work in Petrel© , mapping out the wells and the petrophysical
properties over the total area of the Tensleep �eld;
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8. decide, based on the performed work and literature, what are the optimal
geological and geographical conditions for the injection of CO2;

9. choose an existing well to perform CO2 injection;

10. calculate the storage capacity of carbon dioxide and solubility of CO2 in
formation water.

1.2 Thesis Outline

Current thesis contains 151 pages, 101 �gures and 17 tables. It is divided as
presented in the following list:

ˆ Chapter 2 describes the theoretical background of the Tensleep region and
the theory behind a typical CCS process;

ˆ Chapter 3 describes the theoretical background of the petrophysical prop-
erties;

ˆ Chapter 4 describes the theoretical background of the geomechanical prop-
erties;

ˆ Chapter 5 presents the results obtained in Techlog© and Petrel© ;

ˆ Chapter 6 presents main conclusions that have been drawn from the per-
formed work, additionally, future work possibilities are described;

ˆ Appendix A describes in detail the theory behind each type of wireline log
that has been used throughout the thesis;

ˆ Appendix B presents the �gures that were obtained from Techlog© , but not
used in the main part of the thesis;

ˆ Appendix C presents the �gures that were obtained from Petrel© , but not
used in the main part of the thesis.

2



CHAPTER2
Literature Review

2.1 Teapot Dome

2.1.1 Historical background

Teapot Dome �eld, which is also known as the Naval Petroleum Reserve (NPR),
is the last United States of America government owned oil �eld. Government
ownership means that the data from the wells (well logs) is in free access. The
�eld was established in 1915 by president Woodrow Wilson. Full production from
the �eld was initiated in year 1976. Currently, it is a promising place for CO2
injection and sequestration. First CO2 injections were carried out in 2004 [37, 57].

2.1.2 Geology

Teapot Dome is Late Cretaceous to Eocene Laramide1-age anticline that is located
in central Wyoming (USA), near the southwestern part of the Powder River Basin,
30 km north of Casper, Wyoming. It has a total area of approximately 46 km2

with more than 1200 wells [59]. One study describes that"Teapot Dome is one
of several productive structural-style hydrocarbon traps associated with Laramide
structures in this area and is part of a larger structural complex, comprised of Salt
Creek anticline to the north and the Sage Spring Creek and Cole Creek oil �elds
to the south" [66].

Oil from Teapot Dome is mainly produced from Second Wall Creek, Third Wall
Creek, Muddy, Dakota, Tensleep, Niobrara Shale intervals. The deepest interval
is the Tensleep sandstone. Figures 2.1 and 5.34 show the location of the �eld
relative to the geography of the United States and the Teapot Dome stratigraphic
column, respectively.

1period of mountain-building events that a�ected much of western North America in Late
Cretaceous and Paleogene time.
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Figure 2.1: Teapot Dome location. Source: [60]

2.1.3 Pennsylvanian Tensleep Formation

Tensleep Formation consists of 91.4 meters (300 ft) of multi-sequenced bound-
aries of dolomite and sandstone [37]. Tensleep Formation is located between the
dolomite strata and Goose-Egg Formation, which is the caprock. According to
Zhang et al. [81], the sandstones in Tensleep change from being predominantly
marine (having corals and crinoids) in the bottom to being continental on the top
with thick eolian layers. They also concluded that cementation2 processes have
signi�cantly reduced the permeability and porosity in the Tensleep Formation, but
the dissolution during diagenesis3 has enhanced it. Friedmannet al. [36] report
an average porosity value of 8% and average permeability of 80 mD. These values
depend on the depositional environments and the degree of cementation. Figure
2.3 shows the stratigraphy of the caprock and reservoir region. Core descriptions
and logs provide information that Tensleep is fractured [60].

2.1.4 Lithology

Before any sub-surface operation, the determination of lithology and rock type is
vital for an e�ective process to occur. Lithology is gross term that determines the
rock layer present in the reservoir, while the term of rock layer is more precise
description as it re
ects the pores systems within the layer. This allows collecting
vital reservoir properties that are used to predict 
ow, volumes and 
uid satura-
tions. It can be said that lithology focuses mainly on the grain level, while the
rock type looks at the pores.

The lithology can be determined directly by obtaining a physical sample from

2 hardening of clastic sediments (those formed from preexisting rock fragments) by the pre-
cipitation of mineral in the pore spaces.

3 sum of all processes (mainly chemical), with which the changes in the sediment are brought
about after its deposition, but before its �nal lithi�cation.

4 CHAPTER 2. LITERATURE REVIEW



Aalborg University Master Thesis Konstantin Je�mov & Paulius Krebsas

Figure 2.2: Stratigraphic column of the Teapot Dome Field with the emphasis on
the Tensleep and Goose Egg sections. Area marked with red line is the region of
interest in the current thesis. Cell width is not correlated with the actual thickness
of the zone. Modi�ed after: [37, 24]

the wells. This is a sure but a rough way to determine lithology, as the samples
gathered from the well could not be re
ecting the true rock type within the well

CHAPTER 2. LITERATURE REVIEW 5



Konstantin Je�mov & Paulius Krebsas Aalborg University Master Thesis

Figure 2.3: Stratigraphy of the caprock and the reservoir. Modi�ed after: [78, 22]

due to the presence of mud and clay, weaker rocks and cuttlings.

As the well is set, more detailed core samples such as sideway core samples can
be obtained for a more precise investigation. Indirect method is determining the
lithology from the log data that is collected from the wells. This log data is com-
pared to information in the log data catalogs that are usually provided by the
logging companies. In the case of our thesis, the focus is on the Goose Egg and
Tensleep formations. They have mainly four di�erent rock layers: sandstone, lime-
stone, dolomite, anhydrite. Following list describes each type in a brief manner
[45]:

ˆ Sandstone is one of the most common lithology types worldwide. The rock
grain size are around the size of usual sand grains. This rock type is very
favorable as a reservoir due to its high porosity (more porous than carbon-
ates) and permeability. In sandstones, a permeable reservoir is usually a
porous reservoir.
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ˆ Limestone is a carbonate sedimentary rock, mostly composed of structural
components of organic origin. The grain size depends on the skeletal struc-
ture of the dominant organic component (corals and shells). Minor compo-
nents like dolomite, chert and clay are also found in limestones.

ˆ Dolomite is a widely distributed anhydrous carbonate, predominantly com-
posed of calcium/magnesium carbonate. Due to the high levels of calcium
and magnesium molecules, the formations form in a structural way.

ˆ Anhydrite is mainly composed of calcium sulfate. This rock type is part of
the evaporate group of minerals and mainly forms from evaporating seawa-
ter or in the process of gypsum (CaSO4� 2H 2O) dehydration. Anhydrites
can occur as caprocks if they are above salt domes, providing favorable
geomechanical properties for caprocks.

Using Techlog© , aforementioned lithologies were identi�ed in all the wells. Results
are presented in Chapter 5.4.5.

2.2 Carbon Capture and Sequestration

Global energy consumption is in a constant growth and although renewable energy
is �rmly getting a place in the industry, the fossil fuel is still the most important
source of energy. Combustion of the fossil fuels increases the concentrations of
CO2, which is also the main reason behind human-activity driven global warm-
ing. Industrial activities are regarded the key reason behind the increase of CO2

concentration in air from 280 ppm to 370 ppm since the industrial revolution in
19th century; additionally, CO2 concentration is believed to reach a critical level
in the next 20-30 years [4]. In 2016, average CO2 concentration in air was 403
ppm, which is an average growth of 2 ppm/year in the last decade. The world
total CO2 emission amount in 2016 was 32.3 Gt. [2]

According to various authors, CCS (carbon capture and sequestration) is the only
method that signi�cantly allows to reduce the emissions of CO2 in the atmosphere
[49, 80, 72]. Other options, although not that e�ective, include energy e�ciency
improvements, nuclear power, renewable energy sources and using less carbon-
intensive fuels [55].

Key idea behind CCS is the capturing of CO2 from industrial plants and safe,
monitored way of storage by means of injecting the CO2 into either depleted
oil/gas reservoir, deep saline aquifer or unminable coal seams, where it could
be stored for thousands or millions of years [75]. CO2 injection has also been a
signi�cant EOR method for tens of years. This means that injection of CO2 into a
depleted oil reservoir allows to deal with two processes at the same time (enhanced
oil production and CO2 storage) [77]. Figure 2.4 shows the typical solutions for
CO2 injection for onshore conditions. This type of injection poses a number
of di�erent topics (and complete research areas) that need to be understood, e.g.
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geophysical and geochemical behaviour of the reservoir, monitoring and modelling
of the injection, risk assessment, commercial viability etc.

Figure 2.4: Di�erent possibilities of storing CO2. Source: [74]

CCS process is divided into four main parts [75]:

1. CO2 capturing, which involves the separation of CO2 from the gas stream
using speci�c chemical solvents and according to some authors [23], [72]
remains the most expensive part of the CCS process. According to Dooley
et al. [29], the cost of CO2 capturing, depending on the type of industry,
ranges from 6-60 USD per ton of CO2;

2. transportation, which involves compressing the CO2 to a liquid state (to
reduce the volume) and piping it from the industrial site to the injection
site;

3. storage, which consists of the injection of the gas to the suitable location;

4. monitoring, which usually means detecting changes in pressure, temperature
and making sure CO2 does not leak.

2.2.1 CO 2 Capturing

This chapter is going to give a brief overview of the most common technologies
in the �eld of CO 2 capturing, which is the �rst step in the CCS process. Carbon
capturing technologies can be divided into three main categories, based on when
in the industrial process CO2 is captured:

1. pre-combustion capturing;

2. post-combustion capturing;

3. oxyfuel combustion.

Pre-combustion capturing means transforming the fuel (coal, biomass etc.) into
syngas using gasi�cation, then syngas is shifted to H2 and CO2 after which the
hydrogen can be removed. Reactions 2.1 to 2.2 showcase this process (natural gas
is taken as an example fuel). Conversion of syngas to H2 and CO2 takes place at
elevated pressures (over 40 bars). [72]

8 CHAPTER 2. LITERATURE REVIEW
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CH4 + H 2O ��! CO + 3 H2 (2.1)

CO + H 2O ��! CO2 + H 2 (2.2)

Main advantages of a pre-combustion capturing is the lower cost compared to
post-combustion and the high pressure of CO2 that means lower compression
costs. Key disadvantages are complex engineering regarding chemical reaction
modelling and large capital investment requirements.

Another major capturing method is post-combustion capturing. In this case CO2
is captured from the 
ue gas after the power generation and this is carried out by
using various liquid solvents like monoethanolamine. Main advantages of post-
combustion are for example the fact that the technologies involved are mature,
and there is vast amount of scienti�c work that is taking place. One of the
disadvantages can be regarded the high cost of these processes. Post-combustion
technologies can be divided into three major parts: capturing with adsorption,
absorption and with membrane technologies. [72]

Oxyfuel capturing is the third technology and it generally means reacting a fuel
with pure stream of oxygen (95-99% purity). Result will be high concentration
of CO2 in the gas. This will mean that the exhaust will be water and CO2 and
the separation of CO2 from the stream is easier because all that is required is
to condense the water. This is also the key advantage. However, new materials
that can withstand very high temperatures have to be used and that could lead
to a signi�cantly higher cost of the process [72, 55]. Most commonly used post-
combustion methods for CO2 capturing and their advantages and disadvantages
can be seen in Table 2.1.

2.2.2 CO 2 Transportation

Second important part of the CCS technology is the CO2 transportation. It
involves moving the CO2 from one location to another via onshore or o�shore
pipelines or special CO2-transporting ships. Several constraints exist that have
to be taken into account when designing a pipeline for CO2 transporation. Most
important of them is that CO2 has to be transported in a supercritical phase.
Table 2.2 shows common parameters and their values for pipeline CO2 transpo-
ration. According to Mercedes [67], pressures above 8.6 MPa should be used to
avoid changes in compressibility. Due to pressure drops in the pipeline, compres-
sor booster stations are suggested every 150-300 km. This also allows the use of
lower diameter pipes, which means a signi�cantly lower cost of the transportation.
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Table 2.1: Overview of CO2 capturing methods. Modi�ed after: [72]

2.2.3 CO 2 Injection

CO2 injection is the third part of the CCS process and is probably the most impor-
tant of them. One of the signi�cant parameters when injecting CO2 into formation
is the injection pressure. According to Espinozaet al. [32], it must exceed the

uid pressure that is present in the reservoir, but not exceed the fracture stress
gradient. When CO2 is injected for CCS purposes into the depleted reservoir, it
will displace the water that is present in the reservoir. Additionally, buoyancy of
CO2 will create a di�erence in pressure that is equal to�P = ( � w � � CO2)gh [32].
This is depicted in Figure 2.5. This gradient pressure is proportional to the height
of CO2 plume and the di�erence of densities. In oil and gas industry, the displace-
ment of water is called a drainage process. The drainage of water is controlled by

Table 2.2: Common parameters and their values for a CO2 transporation pipeline.
Modi�ed after: [67, 6]

Parameter Value Unit
Inlet pressure 152 bar

Min. outlet pressure 103 bar
Pressure drop per unit length 49 Pa/m

Average CO2 temperature 25 °C
Average CO2 density 884 kg/m 3

Average CO2 viscosity 6.06 x 10� 5 N-s/m2

Pipeline length 100 km
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various parameters, most signi�cant of which are the relative permeability curves.
When the injection of CO2 stops, the water that was draining out will start im-
bibing back into the plume of newly injected CO2. [18] In this chapter, some of
the important aspects that in
uence CO2 injection will be discussed.

Figure 2.5: (a) Depiction of a fossil plant that has the required technology to
capture, compress and transport CO2 to the injection area, where CO2 is injected
beneath the caprock. (b) Depiction how the capillary menisci trap the free CO2.
(c) Capillary tube analogy showcasing the water-wet case. Source: [32]

Trapping of CO 2

It is important to realize that there exist four di�erent types of trapping mecha-
nisms of CO2, depending on how much time has passed since the initial injection
[79, 53]:

1. structural, which originates from tectonic forces and create physical obsta-
cles to the 
ow;

2. residual (capillary) trapping, which is the CO2 that is trapped in the pores
by capillary forces as the CO2 is injected. According to Al-Menhali et al.
[53], this is the most e�ective and fastest trapping mechanism;

3. solubility trapping occurs because of absorption and adsorption of CO2 in
the formation. Some authors [3] claim that this is one of the most important
trapping mechanisms;

4. mineral trapping is relevant after a signi�cant amount of time (thousands
of years) has passed since the injection, then CO2 will interact with the
minerals that are present in the formation, thus forming carbonate minerals.

E�ect of Pressure and Temperature on CO 2

When injecting CO2 into formation, we need to take into account the fact that the
aquifer will be hosting an aqueous solution (saline H2O). Important parameters
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to consider during the CO2 injection is the pressure and temperature in the for-
mation, but also the conditions of CO2 that is injected. Essentially, to understand
what happens in the formation during injection and storage, additionally to ex-
amine the success of the CCS process, the thermodynamic behaviour of CO2-H2O
(mutual solubility, reaction path modelling, dissolution etc.) has to be studied,
but this is not the main scope of our thesis. Some analysis of solubility is however
carried out in the next section.

As can be seen in Figure 2.7, CO2 has a triple point around -56.6°C and 5.2
bars and critical point around 31°C and 74 bars. Other authors [69, 52] con�rm
these values. CO2 di�ers from HC gases in a way that it has a strongly non-linear
variation of physical parameters. According to Hurteret al. [46] for the pressure
di�erence of 80 to 90 bars at 35°C, the viscosity and density of CO2 will change
by a factor of 2 (in case of methane, the properties would change by a few percent
only). The density of CO2 as a function of geothermal and hydrostatic gradient is
shown in Figure 2.6. This reference will serve as a basis for the density estimation
in the storage capacity calculation in Chapter 5.6.5 of the thesis.

Figure 2.6: CO2 density as a function of hydrostatic gradient. Source: [8]

Figure 2.7: Phase diagram of CO2. Source: [67]
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E�ect of Solubility and Mineralisation Reactions

Compared to other hydrocarbon gases (e.g. methane), the solubility of CO2 in
water is much higher: in the range of 50-150°C and 100-1000 bar, the solubility
of CO2 in brine is approximately 15-60 sm3/sm3 [77]. Solubility increases with
pressure and decreases with temperature. Thus, the solubility in the formation
water is a signi�cant term that has to be taken into account. As mentioned by
Valbuenaet al. [73], e�ect of solubility is negligible in the initial stage of injection,
meaning that this e�ect requires a signi�cantly wider span of time to occur.

In the scope of our thesis, the solubility modelling was implemented by using the
online calculator made by Duan and Sun [30], which is applicable in the pressure
range of 0 to 2000 bar, temperature range of 273 to 555 K and ionic strength range
of 0 to 4.3 M and is based on speci�c particle interaction theory and equation of
state developed by Duan [12]. The results of that modelling are presented in
Chapter 5.3.

Mutual solubility between CO2 and water will impact the injection in three main
ways [46]: (i) dissolution of CO2 in the water will increase its density, (ii) disso-
lution of CO2 will form carbonic acid (this leads to corrosion in injector wells),
(iii) water dissolves into CO2 and that will increase salinity of the water, by
means of the so-called "dry-out" and "salting-out" e�ects. "Salting out" e�ect
is the byproduct of "dry out" e�ect and in other words it can be regarded as
scaling, because of the precipitating salts. This is important to consider because
it decreases the permeability and porosity [46]. Some authors [55] mention that
depending on depth and the salt concentration in the brine, approximately 25-60
kg CO2 per 1 m3 of formation 
uid can be dissolved.

As was described earlier, CO2 trapping is divided into four equally signi�cant
parts, starting from the method that takes the least time: (i) structural (also
called hydrodynamic or stratigraphic), (ii) capillary, (iii) solubility and (iv) min-
eral trapping. As the trapping mechanism changes its type, the storage security
increases (thus, mineral trapping is the most secure type of storage, but it takes
time). In case of mineral trapping (mineralisation), a number of reactions are tak-
ing place, which eventually lead to a safe and long storage of CO2. Reaction 2.3
illustrates the dissolution of CO2 in the formation water to form carbonic acid,
and immediately dissociating and forming bicarbonate. Consequently, reaction
2.4 depicts how the bicarbonate reacts with the cations present in the formation
water, which leads to forming stable carbonates (magnesite, calcite and siderite
in reactions 2.4 to 2.6, respectively). [43]

CO2 (g) + H 2O (l) �� *) �� H2CO3 (aq) �� *) �� H+ (aq) + HCO 3
� (aq) (2.3)

Mg2
+ (aq) + HCO 3

� (aq) �� *) �� H+ (aq) + MgCO 3 (s) (2.4)

CHAPTER 2. LITERATURE REVIEW 13



Konstantin Je�mov & Paulius Krebsas Aalborg University Master Thesis

Ca2
+ (aq) + HCO 3

� (aq) �� *) �� H+ (aq) + CaCO3 (s) (2.5)

Fe2
+ (aq) + HCO 3

� (aq) �� *) �� H+ (aq) + FeCO3 (s) (2.6)

Reservoir Properties A�ecting Injection

There are various reservoir parameters that a�ect the storage of CO2. Most
prominent of them are: reservoir heterogeneity, relative permeabilities, natural
fractures and reservoir 
uids [37].

Reservoir heterogeneity a�ects the performance of injected CO2 in a way that the
formations with higher vertical permeability (e.g. naturally fractured reservoirs)
are in
uenced by the cross-
ow perpendicular to the bulk 
ow. This is in
uenced
by the viscous, capillary, gravitational and dispersive forces. [48]

Relative permeability is a signi�cant petrophysical property that has an e�ect on
wetting and saturation characteristics of a particular phase. In fact it is one of
the key properties that describes how CO2 is moving in the subsurface [18]. In
order to predict the 
ow of two distinct phases, the fractional 
ow curves have to
be made using the empirical relative permeability correlations [45]. In the scope
of our thesis, relative permeability is regarded as the e�ective permeability of the
brine and the CO2, describing how the 
ows a�ect each other. Important aspects
of post-CO2 injection such as the extent of capillary trapping, seal integrity, shape
and size of the CO2 plume is predominantly a function of relative permeabilities
[18].

Fractures and faults in the reservoir in
uence the permeability. According to
Garcia [37], fractures can either increase or decrease the permeability, which will
mean that there will be a permeability anisotropy in the reservoir. Although the
knowledge of location of faults and fractures is signi�cant, it is complicated to
accurately predict them.

2.2.4 Risks Regarding CO 2 Injection

CCS technology has many risks that need to be addressed when planning an
economically and technically viable CCS project. According to Rouzbehet al.
[79], the most critical thing is to select a good caprock, that would not have
faults or cracks and a very low permeability. In the opposite case (if the injection
pressure exceeds the pressure that the caprock can withstand) CO2 will 
ow to
the surface and this is not desirable [76]. Various authors [75, 25, 38] mention
that most of the problems are likely to occur during the operational stage, and
once the injection is �nished, the risk drops. The risks can generally be divided
into �ve main groups [25]:
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1. CO2 leakage - CO2 leaks out through subsurface to the atmosphere;

2. CH4 leakage - injection of CO2 might cause CH4 to escape into atmosphere,
as well (assuming the reservoir is not depleted);

3. seismicity - earth tremors caused by the injection operations;

4. ground movement - caused by the pressure changes while injecting CO2;

5. displacement of the brine - brine will move into other formations.

Most of the research is done for the �rst type of the risk, which is the CO2 leakage
possibility.

Caprock Failure

Depleted oil and gas reservoirs are considered to be very good candidates for CCS
operations, because (i) the reservoir behaviour, geophysical, geomechanical and
other properties have been studied properly and (ii) the reservoirs have withheld
the hydrocarbons for long periods of time without signi�cant releases to other
formations or surface.

For these types of reservoirs, there are still two options through which the CO2

leakage could occur [25]: (i) caprock failure and (ii) escape of CO2 along the
injection well. The �rst one of them is more applicable in the scope of our thesis,
so it will be discussed in this section.

Caprock failure is a term that encompasses various mechanisms that could even-
tually lead to the failure of various 
uids in the reservoir. Some of the most
important mechanisms are concluded in the following list [25]:

ˆ di�usion (concentration di�erence) of CO2, which is regarded as a very slow
process, but which can lead to signi�cant releases in the long run;

ˆ capillary leakage, which may be a big problem if the pressure di�erence of
the CO2 and water in pores is bigger than the capillary entry pressure (CEP)
of the caprock. This mechanism is also considered of low importance, since
the CEP is historically (during the production time and before depletion)
high enough to retain the hydrocarbons and then CO2. CEP of the caprock
can be measured and pore pressure threshold calculated to avoid that hazard
[44];

ˆ leakage due to man-induced fractures, which are generally known as hy-
draulic fractures. The 
uctuations in pressure in the reservoir may cause
the caprock to fracture, as well. This can be avoided if the maximum injec-
tion pressure is kept below the fracturing pressure;

ˆ seismic activity may cause fractures in the caprock that leads to the leakage
of CO2;
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ˆ dissolution of the caprock when CO2 reacts with the caprock minerals. CO2
can dehydrate the shale and increase the permeability of the caprock;

ˆ CO2 leak through faults that are present in the caprock. This can be miti-
gated if a thorough geological analysis of the area is performed.

Once the 
uid is injected into the reservoir, the pressure will increase and the
e�ective stresses decrease. According to Khanet al. [10], this can cause series of
di�erent scenarios, some of them include: (i) increase in overburden stress; (ii)
decrease in e�ective stress can reactivate the fractures and/or faults; (iii) high-rate
injection can cause fractures. According to Panet al. [9] main modes of failure in
the caprock are the tension or shear of the rock, re-shearing of faults and opening
of new fractures. In case of the reactivation of faults, seismic events can occur.
All of these cause signi�cant threat for a secure storage of CO2.

2.2.5 Selection of the Injection Site and Wells

There exist three main considerations when selecting a site (or wells) for a suc-
cessful CO2 injection: (i) injectivity, (ii) containment and (iii) capacity. They will
be discussed in this section.

Injectivity is a signi�cant part of the well-selection algorithm and it addresses
mainly pressure and 
ow related concerns. According to Vishal [75], key properties
regarding injectivity are porosity and permeability. Large porosity will provide a
su�cient amount of volume for CO2 storage and high permeability is positively
correlated with good injectivity. However, low permeability sections will reduce
the injectivity due to the fact that the pressure will increase in the location of the
injection, thus slowing down the injection process and putting at risk the integrity
of caprock. Injectivity can be increased by using multiple wells and/or by drilling
directional wells [28].

Second important aspect of the assessment criteria is that of CO2 containment.
It is mostly connected to the properties of the overlying caprock and its integrity,
which will be discussed thoroughly in Chapter 4.1, however the most important
aspects of the caprock are, according to some authors [28], its thickness, lateral
continuity, low vertical permeability and high capillary entry pressure. According
to Mercedes [67], a good site selection should involve a dynamic 
ow modelling to
account for the risk of possible leakage or fracturing. Such risks are regarded as
global risks. Additionally, local risks exist that predominantly account for HSE
issues like 
ux of CO2 to shallower formations and consequently to atmosphere,
chemical dissolution of CO2 in the subsurface and e�ects of the displacement that
will be caused by the injected CO2 [75].

Thirdly, before an industrial scale injection can commence, the e�ective capacity
of CO2 must be evaluated. According to Delpratet al. [28], the storage capacity
in the reservoir is a function of a number of properties, most important of which
are pore size and shape of the rock, grain mineralogy, reservoir petrophysical
properties, 
uids that are present in the reservoir and others. Because the pore
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volume cannot be �lled completely with CO2, e�ciency factor (EF) has to be
implemented, which will result in the estimation of e�ective capacity. The value
of EF varies greatly, mostly depending on the type of lithology and the 
uids
present in the reservoir.

Most important screening criteria of the site selection is presented in Table 2.3,
based on work performed by Chadwicket al. [5].

Table 2.3: Main positive and negative indicators for CO2-injection site selection.
Modi�ed after: [5]

2.2.6 CO 2 Storage Capacity Theory

In order to quantify how much CO2 can be injected into subsurface, analysis of
the storage capacity has to be carried out. In the scope of our master thesis,
the methodology of Bachuet al. [11] was implemented, which does not take
into account the dissolution of CO2 nor mineral precipitation, so it is a purely
stratigraphic (volumetric) type of capacity estimation. Important assumption in
such calculation for oil and gas reservoirs is that the volume that was previously
occupied by hydrocarbons is now accessible to CO2. This assumption is valid
for pressure depleted reservoirs. It provides a capacity indication based on the
volumetric estimation of depleted oil and gas reservoirs. Another assumption is
that CO2 will be injected until the initial pressure of the reservoir is restored. If
this criteria is not met, it can signi�cantly reduce the integrity of the caprock. This
method is based on Equation 2.7. The results of this calculation are presented in
Chapter 5.6.5.
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MCO2 = � CO2 res � Rf � A � h � � � (1 � Sw) � Viw + Vpw (2.7)

where MCO2 is the mass of CO2 that can be stored [kg],� CO2 res is the density
of CO2 at reservoir conditions [kg/m3]; Rf is the recovery factor; A is the areal
extent [m2]; � is the porosity of the reservoir [v/v]; Sw is the water saturation of
the reservoir [v/v]; Viw is the volume of injected water [m3] and Vpw is the volume
of produced water [m3]. According to Bachu et al. [11], Viw and Vpw terms are
negligible in case of strong water drive reservoir, which is the case for Tensleep
formation.

Volume Calculation

In order to implement Equation 2.7, whereA � h symbolises the volume calcula-
tion, which is the predominant factor in the equation, several values have to be
calculated. Key one of them is the GRV part in STOIIP formula, since Equa-
tion 2.7 assumes that depleted HC volume is now available for CO2. Formula for
STOOIP is shown in Equation 2.8.

STOOIP = GRV � NTG � � � So �
1

Bo
(2.8)

where STOOIP is the stock-tank oil initially in place (Sm3); GRV is the gross
reservoir volume (computed in Petrel); NTG is the net-to-gross ratio (v/v);� is
the porosity (v/v); So is the oil saturation (v/v); Bo is the oil formation volume
factor (RB/STB).
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CHAPTER3
Petrophysics

3.1 Reservoir Properties

3.1.1 Porosity

Porosity is de�ned as the ratio between the the volume of void spaces in a rock
and the total bulk volume of the rock. These values are commonly expressed as
percentages and are calculated using Formula 3.1:

� =
Pore volume
Total volume

� 100 (3.1)

Generally porosity can be de�ned as either total porosity or e�ective porosity.
Total porosity indicates a ratio between the total pore volume inside the rock
and the total bulk volume of rock. E�ective porosity illustrates the ratio between
the interconnected pore space and the the total bulk volume. Thus, the e�ective
porosity does not include voids that are completely isolated within the rock. [19]
The di�erence is depicted in Figure 3.1. Primary porosity in sandstone reservoirs
is a function of grain size, packing and sorting of the sediment [14]. There are
three ways to measure the porosity of the rock [47]:

1. by inspecting the well cuttings that are brought up with the drilling mud
using the binocular microscope;

2. by analyzing the coreplug with the porosimeter;

3. by running a wireline log (formation density, neutron porosity or sonic logs;
more information about di�erent types logs are presented in Appendix A).

In the scope of our master thesis, the porosity was determined with the wireline
logs.
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