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DISSERTATION ABSTRACT (ENGLISH)

Full Name : Sikandar Khan

Dissertation Title : Numerical modeling of the geomechanical behavior of a
carbonate petroleum reservoir undergoing CO; injection

Major Field : Mechanical Engineering

Date : January, 2017

Sedimentary porous rocks can be used for long-term subsurface containment of
CO,. Before injecting CO, to sedimentary reservoirs, it is necessary to perform stability
analysis of the reservoir and to estimate the maximum sustainable pore fluid pressures. In
this study, numerical modeling techniques are used to analyze the flow of carbon dioxide
and the corresponding deformations of the naturally fractured carbonate sedimentary
reservoirs in Saudi Arabia. The present investigation extends the previous studies by
considering the sorption-based deformation during the injection of the compressed CO,
fluid into the Arab-D naturally fractured carbonate reservoir. The change in permeability
during the injection of CO; is evaluated. Starting with the simple case of single-porosity
and single-phase flow in the reservoir, the geomechanical and stability analyses were
performed for Biyadh sandstone reservoir. The modeling procedure was extended to
include the two-phase flow in the geomechanical and stability analysis of the single-
porosity reservoir. Using the coupled geomechanical and stability analysis, the safe
carbon dioxide injection parameters and the maximum safe occupancy limit have been
estimated for the Biyadh sandstone reservoir. In the second stage of this investigation, the

geomechanical modeling procedure was applied to the Ghawar naturally fractured

XiX



reservoir by considering only single-phase flow. In this context, the stability analysis was
first performed for the naturally fractured reservoir, and then followed by a sensitivity
analysis to evaluate the sensitivity of the model output to various input parameters. The
developed model was further extended for this case to include the two-phase flow. The
reservoir geomechanical and stability analyses were performed; firstly for having only an
injection well, and secondly for the general case of having both injection and production
wells in the system. The safe values for carbon dioxide injection in the Ghawar reservoir
have been predicted based on the geomechanical and stability analysis. This investigation
addressed, for the first time, the problem of how to reduce the pore pressure build-up and
to increase the reservoir storage capacity by varying both the number and arrangement of
the carbon dioxide injection wells. The obtained results provided some benchmark
solutions, from which more insight into the sequestration process is gained. The injection
of carbon dioxide was shown to cause an increase in the reservoir pore pressure; however
adding a production well to the sequestration site tends to decrease the overall pore
pressure. For the case of the fractured caprock, carbon dioxide leaked into the overburden
layers; thus causing the pore pressure to increase in these layers, and subsequently
resulting in ground uplift, which can be monitored and utilized to identify the location of
the fracture in the caprock. The obtained results demonstrated the significance of
changing the number and arrangement of the injection wells and suggested the existence
of an optimum arrangement. The occupancy analysis was performed for the reservoir
considering the formation volume factor at the depth of the reservoir which shows that
the discussed carbon dioxide injection scenarios are at the safe side of the maximum

occupancy limit.
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CHAPTER 1

INTRODUCTION

1.1  The natural balance of CO; in atmosphere

Two elements, namely oxygen and carbon combine to form CO,. At room temperature,
COgis in gaseous form. CO, can be converted into liquid phase and can also be frozen
into solid phase. The percentage of carbon dioxide is 0.04 % of the air in the atmosphere
that we breathe. Carbon dioxide is also present in the drinking and seawater. Carbon
dioxide is not toxic, not flammable, and also it does not explode. It has been practically
used in some fire extinguishers. During the breathing process, oxygen is inhaled and CO,
is exhaled into the atmosphere. During photosynthesis process, CO; is absorbed by plants
and oxygen is released back to the environment. The previous processes combine
together to form the carbon cycle, in which the level of CO, is kept stable in the
environment [1].

During the natural CO; cycle, the level of CO, is stable, but the excessive burning
of fossil fuels produces higher quantities of CO,, which disturbed its balance in the
atmosphere. This excess amount of carbon dioxide needs to be permanently stored in
underground sedimentary reservoirs. The annual flow of CO; is shown by arrows in
Figure 1.1. Mankind produces extra CO;, , which remains in the environment and

contributes to global warming [2].
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Figure 1.1 The annual flows of carbon dioxide in billion tons [2]

1.2 CO, capture and storage

The Carbon Capture and Storage (CCS) is a process, in which CO; is captured from the
environment, then transferred to the storage area, and finally stored in sedimentary
reservoirs. The main purpose of CCS process is to prevent the excessive release of carbon
dioxide to the environment [3-5]. The process of CCS will mitigate both the acidification

of the oceans and global warming [1]. The three main steps of CCS are given below:

1. Capture of carbon dioxide
2. Transport of the captured carbon dioxide

3. Geological storage of carbon dioxide

1.2.1 CO; capture

CO; is mostly captured at the points where its quantity is high in the exhaust air like
emissions from the industries, fossil fuel energy facilities, natural gas processing, and
synthetic fuel plants. CO; can also be extracted from the air but it is not so practical. CO,

is highly concentrated at the point sources already discussed and concentration is reduced



away from the point sources. The coal combustion in oxygen produces almost pure CO,
that can be directly processed [6-8]. If the captured CO, contains excessive impurities
then a scrubbing process will be needed. Currently, three types of scrubbing processes are

in use as explained below [1, 9, 10, 11]:

1. The post combustion capture process, which is mainly applied to the fossil-fuel
burning power plants, in which CO, is captured from the flue gases at the power
stations.

2. The pre-combustion capture process, which mainly exist the in fertilizer industry,
chemical industry, and power production. During this process the partial
oxidization of the fossil fuel takes place before the actual process. The oxidization
process converts carbon mono-oxide to carbon dioxide and also produces
hydrogen gas. The carbon dioxide is captured and hydrogen is used as fuel.

3. The oxy-fuel combustion process, in which the fossil fuel is not burned in air but
is burned in pure oxygen environment. The flue gases contain only carbon dioxide
and water vapor. Water vapor is condensed and the resulting pure carbon dioxide
is transported to storage site for storage. Power plants having oxy-fuel combustion
are known as zero emission cycles. This method of carbon dioxide capture is
normally used in laboratory work for understanding the carbon dioxide capture

process.

1.2.2 CO; transport
The transportation of CO is the second step of the CCS process. The transportation can
be either through the pipeline or through ships. During the year 2013, 5,800 km of carbon

dioxide pipelines were used in United States to transport carbon dioxide to oil production
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fields for enhanced oil recovery and storage. The Enhanced Oil Recovery (EOR) means,
the recovery of oil due to CO, injection to sedimentary depleted oil reservoirs. CO, can

also be injected in non-oil producing sedimentary reservoirs [2, 12, 13].

1.2.3 CO, storage

During the storage process, carbon dioxide is injected in supercritical form in
sedimentary reservoirs. Carbon dioxide can be stored at various depths below the earth
surface in various depleted hydrocarbon reservoirs. The geochemical trapping
mechanisms and the impermeability of cap rock will prevent carbon dioxide from
escaping to the atmosphere [1, 14-17]. During geological storage carbon dioxide is
injected at a high pressure to the sedimentary porous rocks. Sedimentary rocks can store
carbon dioxide for a very long period of time.

Figure 1.2 shows the CO, injection process. As shown in Figure 1.2 carbon
dioxide should be injected below 800 meters because below this depth it changes to
supercritical form with high density as compared to the gaseous CO; at the ground level.
Carbon dioxide diffuses more in supercritical form as compared to sub-critical form and
that’s the reason that injecting carbon dioxide in supercritical form increases its storage
capacity. The volume of carbon dioxide at various depths is shown in Figure 1.2 by a

number compared to the CO, volume of 100 at the ground level [1, 18].
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Figure 1.2 Variation in the density and volume of CO; at various depths [1, 18]

The injected CO; is trapped in the tiny pores of the storage rocks and as the time passes it
is dissolved in the water present in the rock formation. It may also react chemically with
the rocks and in this way carbon dioxide will be stored even more securely. The stored
carbon dioxide will be far from the ground water and will be separated by impermeable
layers of rocks [2]. Carbon dioxide is trapped in pores between the white grains of quartz,

as shown in blue color in a sandstone storage rock (Figure 1.3).



Storage is one of the main components of CCS process and as shown in Figure 1.4,
carbon dioxide is captured from the atmosphere, transported to the storage site and at the

end stored in the sedimentary reservoirs [2].

ey source
(eg. power plant)

Figure 1.4 The overall process of Carbon capture and sequestration [2]
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In United States 30 to 50 million tons of CO, is injected in depleted oil reservoirs for
enhanced oil recovery [1]. Storing carbon dioxide in depleted oil and gas reservoirs is
generally more attractive because the geology of these depleted reservoirs is well known
and the enhance oil recovery will offset a part of the storage cost [20-22].

Un-mineable coal seams are also good options for storing carbon dioxide due to
high adsorption tendency of carbon dioxide in the coal surface. The amount of carbon
dioxide and the pressure with which carbon dioxide will be injected into coal seams
depends on the matrix strength of the coal [23-25]. The storing of carbon dioxide releases
the already absorbed methane, which will help in offsetting part of the carbon dioxide

storage cost [2].

1.3 Various types of sedimentary reservoirs
Some of the important types of sedimentary reservoirs that are used for carbon dioxide

sequestration are explained in the following section.

1.3.1 Shale reservoir

The shale has the following properties [19, 26]:

a) has a dark brown color

b) composed of clay and tiny fragments of other minerals, e.g. quartz and calcite
c) behave as excellent seal

d) very rich with sedimentary rocks (almost 42 %)

e) has less porosity as compared to sandstone and carbonate formations

f) classified as single-porosity rock type

Figure 1.5 shows the standard geological symbol for shale reservoir.
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Figure 1.5 Standard geological symbol for shale reservoir [19]

1.3.2 Sandstone reservoir
The sandstone reservoir has the following properties [19]:
a) Itisinrusty red color
b) Composed of sand-sized minerals or rock grains
c) The second most abundant (about 37 %) sedimentary rock type of the three main
sedimentary rocks (sandstones, shale, carbonates)
d) Sandstone porosity is on the range of 10-30 %

e) Sandstone is considered as single-porosity rock type

Figure 1.6 shows the standard geological symbol for sandstone reservoir.

Figure 1.6 Standard geological symbol for sandstone reservoir [19]
1.3.3 Carbonate reservoir
The carbonate reservoir has the following properties [19]:
a) Itisin dark gray color

b) Grains are largely the skeletal or shell remains of marine organisms
8
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c) Are the least geologically abundant (about 21%) of the three (shale, sandstones,
carbonates), but the highest producer of oil (about 61.5%)
d) Carbonate reservoirs are naturally fractured and having dual-porosity and dual-

permeability, one due to matrix and other due to fractures

Figure 1.7 shows the standard geological symbol for carbonate reservoir.

Figure 1.7 Standard geological symbol for carbonate reservoir [19]

1.4  Effective stresses on the reservoir

The increase in pore pressure during carbon dioxide injection process can ultimately
cause the failure of the reservoir rock. The effective stress can be related to the pore
pressure by the following equation,

o'=0-P (1.1)
The symbol ¢ is for the effective stress, Pr (pore-fluid pressure), and o is for the total
stress [27-29]. The effective principle stresses can be resolved into two components (a

shear and normal) on the potential failure planes, is shown in Figure 1.8.



3 - - G?3

[

Figure 1.8 Stresses on the fault plane at an angle 0 with principle plane [27]

Mathematically the resolved stresses at the fault is given as,

T=C+ pu(o, —Pr) (1.2)
The symbol 7 is for the shear stress, u for coefficient of friction, C is the shear strength of
the fault plane, and g,, is the normal component of the stress on the fault plane [27]. The
fault stability can be calculated using equation (1.1) & (1.2), if by some means we are
able to find the stresses at the fault surface. Equation (1.2) is basically Mohr-Coulomb
failure criteria. The injection of carbon dioxide will decrease the value of the effective
normal stress on the fault plane and when the value of the stress decreases to a critical

value, the reservoir shear failure is caused.

1.5  Maximum sustainable reservoir pore fluid pressure

In order to achieve reservoir stability during carbon dioxide injection process, the
increase in the pore pressure and stresses should be kept below the critical values. Figure
1.9 summarizes the geomechanical analysis for the reservoir and shows that as carbon
dioxide is injected into the reservoir, stability analysis should be performed. Based on the
initial stress state and reservoir properties, the stability analysis will give the maximum

safe values for the pore pressure.
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Figure 1.9 A flow chart for the geomechanical analysis [27]

Stresses in the CO, storage reservoir can be determined from the drilling data as was
done by Streit et al. [27]. Laboratory tests can be used to find the strength of the faults,
reservoir and seal rocks. A Mohr-Coulomb failure criterion is one of the methods that can
be used for the assessment of fault stability and for the estimation of maximum
sustainable fluid pressures during CO; injection [30]. The ratio t/(c, — P) in equation
(1.2) is known as slip tendency, where p is the Byerlee friction coefficient having values
normally from 0.6 to 0.85. As an example, Gibson-Poole et al. [31] presented the

geomechanical analysis for the CO, storage for various sites of Australia.

1.6 Poroelasticity

In simple modeling strategies for the fault stability assessment and determination of the
maximum sustainable pore-fluid pressure, the poroelastic behavior of the porous rock is
not considered as shown in equation (1.1). The poroelastic behavior of the porous rock

will affect the effective stresses during the CO, injection and storage.
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For including the effect of the poroelastic behavior of the porous rocks the effective
stresses should be calculated from an equation that includes Biot’s poroelastic coefficient
(o) as given below,

o =o0—ap (1.3)

The Biot’s poroelastic coefficient (o) corresponds for the fluid interaction with the rock
surface as the fluid flows in the rock. The Biot’s poroelastic coefficient (o) has a value

less than 1 and is given for various rocks in the literature [32, 33, 34].

1.7 Predicting stress changes during CO; injection

The injection of carbon dioxide into the sedimentary reservoir will change both the pore
pressure and stress fields in the reservoir. The knowledge of the poroelastic properties for
the reservoir rocks is needed for the calculation of the change of the local stresses due to
CO; injection. The changes in the stresses during carbon dioxide injection will be
different from the change in stresses during production process. The process of re-
pressurization of the pressure depleted hydrocarbon reservoirs will not have the same
pressure/stress coupling as it has during the depletion process [35]. The magnitude of
stresses during carbon dioxide injection process is highly dependent on the value of the
injection pressure. In an experiment by Hettema et al. [36], injection pressure was varied
from 10 to 38 MPa. As the injection pressure was increased, it causes an increase in the
magnitude of pore pressure in the reservoir and the values of the stresses are also
increased. The values of the stresses decrease during the oil production process due to the
decrease in the reservoir pore-pressure [37, 38]. High magnitude of changes in the
stresses can cause nonreversible changes to the reservoir structure and can cause failure
of the reservoir [39, 40, 41].
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1.8 Reservoir stability analysis

The reservoir stability analysis should be performed before injecting carbon dioxide to
ensure safe carbon dioxide sequestration process. The stability of the reservoir during
carbon dioxide sequestration is a function of the change in the pore pressure and stresses
in the reservoir. The value of the pore pressure should not increase than the maximum
sustainable value. The maximum sustainable pore pressure is defined as the maximum
value of pressure that can be applied to the reservoir without any irreversible
geomechanical changes such as reservoir structure failure or fractures reactivation. The
stability analysis of the reservoir in this study is performed using the Mohr-Coulomb
failure criterion. During the uncoupled geomechanical analysis, the horizontal stresses in
the reservoir remains constant and hence the reservoir stability is totally a function of the
pore pressure. During the coupled geomechanical reservoir modeling, the increase in the
pore pressure causes a decrease in the effective stresses and subsequently an increase in
the horizontal stresses and hence the reservoir stability is a function of both pore pressure
and stresses in the reservoir.

Both the increase in the pore pressure and pressure depletion can cause failure of
the reservoir [27, 30]. As shown in Figure 1.10 (a), the pressure depletion causes the
effective stresses to increase and if the effective stresses increases beyond the critical
limit, it will cause failure of the reservoir structure. Similarly as show in Figure 1.10 (b),
an increase in the pore pressure will cause the effective stresses to decrease and if the

effective stresses decreases beyond the critical value, it will cause failure of the reservoir.
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1.9  Research objectives

Most of the oil in the world is produced from the naturally fractured carbonate reservoirs.
With the passage of time, the reservoir is depleted from oil and can be used for carbon
dioxide sequestration. The current study deals with the numerical modeling of the
geomechanical behavior of the naturally fractured Ghawar petroleum reservoir. Before
conducting the geomechanical analysis of the naturally fractured Ghawar reservoir, the
geomechanical model was used to analyze the single-porosity Biyadh reservoir to
validate and verify the developed geomechanical modeling procedure. The objectives of

the proposed work are manifested by:

1. Determining the change in the pore pressure of the reservoir during the process of
carbon dioxide injection.

2. Calculating the changes in the effective stresses and ground uplift during carbon
dioxide injection.

3. Performing stability analysis for the reservoir and predict safe values of the
injection parameters.

4. Estimating the safe value of the carbon dioxide occupancy limit for the reservoir.

1.10 Dissertation organization

The basic aim of this research work is to develop a numerical modeling scheme for the
geomechanical analysis of a naturally fractured carbonate reservoir undergoing CO;
injection. Before tackling the complex problem of the geomechanical analysis of
naturally fractured reservoir, the developed numerical procedure was applied to the
modeling of the geomechanical behavior of a single-porosity sandstone reservoir. The
details of all chapters of the dissertation are given below.
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Chapter 1: Introduction: This chapter provides introduction of the research
topic investigated in this dissertation.

Chapter 2: Literature review: This chapter discusses the literature related to the
carbon dioxide injection into the single-porosity and naturally fractured
sedimentary reservoirs.

Chapter 3: Numerical modeling of CO, injection into a single-porosity
reservoir: In chapter 3, starting with the simplest possible case of single-porosity
and single-phase flow in the reservoir, the geomechanical and stability analyses
were performed for Biyadh sandstone reservoir. In the second stage the modeling
procedure was extended and two-phase flow was considered during the
geomechanical and stability analysis of the single-porosity reservoir. In this
chapter geomechanical and coupled stability analyses were performed for the first
time for the Biyadh sandstone reservoir and safe carbon dioxide injection
parameters were proposed. Maximum safe occupancy limit was also calculated
for the reservoir.

Chapter 4: Numerical modeling of CO, injection into a naturally fractured
reservoir: Chapter 4 starts with the geomechanical modeling for the Ghawar
naturally fractured reservoir by considering only single-phase flow in the
reservoir. The coupled stability analysis was also performed for the naturally
fractured reservoir. A sensitivity analysis was performed to evaluate the
sensitivity of the model output to various input parameters. In the second part of
the chapter carbon dioxide injection into a naturally fractured reservoir with water

was modeled by considering two-phase flow. The reservoir geomechanical and
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stability analyses were performed first for only injection well in the system and
then by considering both injection and production wells in the system. Safe values
for carbon dioxide injection in the Ghawar naturally fractured reservoir were
proposed based on the geomechanical and stability analyses.

Chapter 5: Effect of injection well arrangement on CO, injection: In this
chapter the effect of injection wells arrangement on the pore pressure buildup and
hence on the stability of the reservoir is investigated. Starting with the case of two
injection wells, the locations of the wells are changed with respect to the center of
the reservoir and their effect on the pressure buildup was monitored. Similar
procedure was performed for the cases of having three and four injection wells.
Finally, the optimum number of injection wells and their locations are portrayed
for the injection site considered in the investigation.

Chapter 6: Conclusions and recommendations: This chapter provides the main
findings of the present investigation. The recommendations for the future

extensions to this work are also stated.
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CHAPTER 2

LITERATURE REVIEW

2.1  Chapter overview

This chapter presents a literature review to establish the state-of-the-art of the various
aspects of CO, injection to geological reservoirs. Various studies in the literature
regarding the modeling of the CO; injection and its effects on the mechanical behavior of
various types of sedimentary rocks will be reviewed. The first section of this chapter
presents various studies from the literature for the CO, injection into single-porosity
reservoirs like sandstone. In the second section a detail of various studies are presented,

in which carbon dioxide is injected into naturally fractured reservoirs.

2.2  Various studies from the literature

The numerical modeling of the geomechanical behavior of the naturally fractured
reservoir undergoing carbon dioxide injection is the main objective of the current study.
Before the complex numerical modeling of the naturally fractured reservoirs, a detail
review should be presented for the relatively geologically simple single-porosity
reservoirs. Modeling single-porosity reservoir is easy compared to naturally fractured
reservoirs due to the fact that the flow and deformation equations are applied only to the
matrix medium in the single-porosity reservoirs. For naturally fractured reservoirs carbon
dioxide flow is considered both in the matrix and fractures. The following sections
present the various studies for modeling the single-porosity and naturally fractured

reservoirs.
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2.2.1 Injection of CO; into a single-porosity reservoir

A geomechanical modeling was performed for Krechba field at In Salah, Algeria during
carbon dioxide injection [42]. At Krechba field one million tons of CO, per year over a
period of five years was injected at a depth of 1810 meters into a water-filled strata as
shown in Figure 2.1. As shown in Figure 2.1, the injection of CO; tends to increase the
confining pressure inside the reservoir and it helps in the recovery of the gas from the

production sites.

CO. is reinjected into the reservoir at Krechba for long term sequestration

2 M.l
Cretaceous
Sandstones and I‘ Five gas l Three CO,

mudstones producing wells injection wells
(900 m thick)

Gas Zone

Water zone

Figure 2.1 Injection of CO, at a depth of 1810 meters at Krechba field [42]

A 3D numerical modeling was performed for the selected field with the model
dimensions of (10 X 10 X 4 km). The injection zone is a 20 meters thick layer of C10.2
sandstone as shown in Figure 2.2. The geomechanical analysis was performed for the
COs; injection into the reservoir. A multiphase flow simulator (TOUGH2) was used to
model the flow of carbon dioxide in the reservoir and a geomechanical simulator

(FLAC3D) was used to determine the change in reservoir stresses with carbon dioxide
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flow in the reservoir. The two models are actually fully coupled so a change in the flow

pattern will tends to change the stress conditions in the reservoir.

Cretaceous

sand/mudstones

(0-900 m)
/{Carboniferous

TOUGH?
Multiptase Flow

mudstones
(900-1800 m)

4km 7 : C10.2 sandstone
l (1800-1820 m)
Base (D70)
(helow 1820 m)

Figure 2.2 A 3D model for the water-filled strata at Krechba field [42]

A new technique, satellite-based inferrometry is utilized to find the ground surface
deformation during the five years of injection period of carbon dioxide. The satellite-
based inferrometry data shows that during the process of carbon dioxide injection, the
ground surface has an uplift of 5 mm per year. The ground uplift was noted to be present
for several kilo meters around the point of carbon dioxide injection. Figure 2.3 shows the

ground uplift due to the carbon dioxide injection.
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Figure 2.3 Ground uplift at Krechba field due to five years of CO, injection [42]

The ground uplift is due to the expansion of the sedimentary reservoir of 20 meter
thickness where CO; is injected and also due to the expansion of the shaly sand that is
with almost 100 meters thickness above the injection zone.

Bustin and Clarkston [43] studied the effect of injection pressure on the storage
capacity of a reservoir. They concluded that the injection capacity increases with increase
in the injection pressure. As the CO; is injected into the sedimentary reservoir, with the
passage of time the injection will be decrease due to the deformation of the reservoir
matrix [44]. During the carbon dioxide injection the reservoir may fail partially due to the
increase of the pore pressure, as well as the change in the minimal horizontal stress [45].
This change in horizontal stresses due to change in pore-pressure is known as pore-
pressure-stress coupling [30], in which the increase in the pore pressure tends to alter the
stresses in the reservoir. The change in the horizontal stresses has a crucial effect on the
failure of the reservoir [46]. The flow of carbon dioxide in a porous medium is a fully
coupled geomechanical process that results in the deformation of the reservoir with the

passage of time and may further result in the creation of new cracks and reactivation of
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already existing cracks in the reservoir [47]. Moreover, carbon dioxide injection into
sedimentary reservoirs causes ground vertical uplift that should be taken into account
during the selection of a location for carbon dioxide storage. Selection of optimum values
of the injection parameters is necessary for safe carbon dioxide storage in sedimentary
reservoirs.

Barnes et al. [14] performed numerical modeling for the Mount Simon sandstone
reservoir of Holland considering multi phase flow of carbon dioxide and reservoir
deformation using STOMP-WCS simulator code. Carbon dioxide was injected at an
injection rate of 600,000 metric tons per year for a period of 20 years. The injection
reservoir was caped with a low permeability Eau Claire layer that restricts the flow of
carbon dioxide into the upward layers. The maximum pressure value during the carbon
dioxide injection process remains less than the critical pressure corresponding to the
fracture pressure and thus the reservoir remains safe during carbon dioxide injection.

Zhang et al. [48] performed numerical modeling for the carbon dioxide injection
into geological carbon dioxide sequestration using TOUGH2 simulator. During their
study of carbon dioxide sequestration they concluded that the efficiency of the
sequestration process is a function of the injection parameters like carbon dioxide
injection rate, and injection pressure.

Yang et al. [49] performed 3D multiphase flow numerical modeling for the
Dagingzijing oilfield using a higher order space-time conservation element and solution
element method. Simulation results show that the spreading of CO, in the reservoir is

highly affected by the heterogeneity and variation in the reservoir thickness. During the
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20 years of carbon dioxide injection, the results from the numerical simulations show that
carbon dioxide spread up to 9 km in radius around the injection point.

Karsten et al. [50] perform numerical modeling for a saline aquifer using
TOUGH2 multiphase flow simulator. The numerical simulations investigated the leakage
of carbon dioxide through the fault zone. The numerical simulation results show that as
CO; is injected into the reservoir, the fault permeability will increase with the passage of

time and more volume of carbon dioxide will be leaked to the overburden layers.

2.2.2 Injection of CO; into a naturally fractured reservoir

Sandrine et al. [51] performed a geomechanical modeling of the Paris basin, and
concluded that carbon dioxide injection affects reservoir stability. In their study, the
carbonate reservoir was considered as a single-porous structure, wherein the combined
effects of the carbon dioxide injection and the long-term sequestration on the fractures
were not addressed. It is noteworthy to mention that a carbonate reservoir is a naturally
fractured medium, where the activation of fractures often causes leakage of carbon
dioxide to the overburden layers.

A geomechanical modeling procedure was also presented by Masoudi et al. [52]
for performing stability analysis of the depleted carbonate reservoir at Sarawak basin in
east Malaysia. However, the model did not address the flow between the matrix and
fractures together with its affect on the pressure buildup and carbon dioxide transport in
the reservoir. In another case study for Paris basin by Andre et al. [53], a carbonate
reservoir was studied using the SCALE2000 and TOUGHREACT (Multiphase flow
simulator). Numerical simulations were carried out for two different cases of carbon

dioxide injection, one with carbon dioxide saturated water and a second with pure
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supercritical carbon dioxide. The carbon dioxide saturated water results in a greater
damage of the reservoir structure as compared to the supercritical carbon dioxide.
Supercritical carbon dioxide is more reactive as compared to the subcritical carbon
dioxide.

In a study by Chappa et al. [54], for a site located at French Southern Alps,
numerical analysis was performed for a fractured shallow carbonate reservoir. The
limestone reservoir had a thickness of 15 meters with an area of (30X30 meters). During
experimental analysis displacement sensors were used for finding the deformation of the
fractured carbonate reservoir during CO; injection. The numerical modeling used was
based on codes that considered reservoirs as a combination of rigid bodies (rocks) jointed
together. The injection pressure of CO, tended to move the rocks and these rocks had
motion like jointed bodies. 2D analysis was performed with universal distinct element
code (UDEC). Cubic law was used to calculate the fluid flow and the reservoir was taken
as isotropic. The magnitude of displacement was in good agreement with the
experimental outcomes in 2D. For 3D analysis the flow between fractures and matrix and
also between the matrix elements ought to be considered in the numerical modeling for
better agreement with the output displacement value.

A study of the Arab D limestone was carried out by Funget al. [55] for
Ghawar oil field located in Al-Ahsa Saudi Arabia, in which it was identified that most of
the oil sedimentary reservoirs in Saudi Arabia are with dual-porosity. It was further
explained that there are actually four modes of porosity, which are named as M, 1, 2, and
3. M stands for macro porosity where as 1, 2, and 3 stand for the three types of micro

porosities. The dual-porosity of the combination of M macro porosity and 1 micro
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porosity is the dominant mode of dual-porosity in various oil reservoirs of Saudi Arabia.
The type M macro porosity has diameter of 58 um where as the type 1 micro porosity has
a diameter of 1.1 um. So while finding the effects of the injection pressure of CO, on the
sedimentary reservoir, the dual-porosity modeling of the reservoir is necessary for
estimating the strength of the reservoir matrix and its corresponding deformation. The
consideration of the dual-porosity will help to find the safe values of the injection
pressures of carbon dioxide for specific sedimentary reservoirs.

In another study by Beni et al. [56] for the Minden (Germany), the process of the
migration of the injected CO, was explained, which further corresponds to three types of
trapping mechanisms for carbon dioxide. During the initial periods of injection CO;
moves toward the top of the storage volume. Then it starts moving in the lateral direction
and is partially dissolved in the water present at the reservoir cap rock surface. When
carbon dioxide is absorbed by water, it increases the density of water and the CO;
enriched water starts migrating towards the bottom layer of the reservoir. It takes almost
10,000 years for the CO; enriched water to reach the bottom layer. The three types of
trapping mechanisms for carbon dioxide are, hydrodynamic, dissolution, and mineral
trappings. Initially hydrodynamics trapping is the dominant one, after some time (about
40 years) the dissolution trapping becomes the dominant for some time, and after 100
years the mineral trapping becomes the dominant way of carbon dioxide trapping. The
reservoir was composed of limestone and the numerical modeling was performed in
TOUGHREACT, which a non-isothermal package used to quantify mixtures of water,

CO,, and NaCl.
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Coelho et al. [57] performed a study of the high porosity low permeability
limestone. This study was for limestone sedimentary reservoirs present at Campos Basin,
Brazil. The mechanical behavior of limestone was studied and it was concluded that due
to oil production the rock porosity and permeability exponentially decreases, which may
cause the pore to collapse at the reservoir. This problem raises a need to use numerical
methods to find the ground subsidence. It was seen that, during the initial stages of fluid
withdrawal, elastic deformation occurred in the reservoir matrix. A further increase of
strain give rise to pore collapse and after further fluid withdrawal a normal consolidation
process occurs due to the rearrangement of the matrix, which decreases porosity and

permeability. Figure 2.4 shows the three stages of reservoir deformation.

reservoir deformation

>

stress

elastic 5 T nomal
pore i consolidation
collapse :
strain

Figure 2.4 Stress-strain curve for a rock under compaction [57]

A study was performed for the Oolitic limestone for the Dogger carbonate
reservoirs of the Paris basin [58]. During this study tri-axial tests were performed at the
corresponding pressure and temperature of the Dogger carbonate reservoirs to study the
mechanical properties of the reservoir during carbon dioxide injection. It was noted that
during the carbon dioxide injection, the part that is near to the injection wellbore have
dynamic percolation of carbon dioxide and transport of carbon dioxide will not be due to

dissolution process. Away from the injection wellbore the transport of carbon dioxide
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will be mainly due to the dissolution process. During the process of dynamic percolation
the part of the reservoir nearer to the injection point of carbon dioxide is compacted but
this compaction is not normally severe.

In a study by Perera et al. [59], for the Sydney Basin coal, Australia, COMET 3
simulator was used to study the storage of CO, in coal for various values of the injection
pressure, temperature, and moisture contents of the coal matrix. The main aim of this
study was to find the ground uplift during the five years of injection period and also to
evaluate the effect of various input parameters on the storage capacity of CO; in the coal
matrix. During the modeling phase a 3D model of (500x500x20 meters) coal layer was
modeled at a depth of 1000 meters below the ground level. During the flow modeling
carbon dioxide was injected for 10 years through a well of 0.1 meter diameter.
Simulations were performed for 4 different scenarios of the process variables i.e.
temperature and moisture contents of the coal and injection pressure of carbon dioxide.

It was noted that the capacity of carbon dioxide storage decreases with the
increase in temperature of the coal matrix. Similarly the storage capacity decreases with
an increase in the moisture contents. The storage capacity increases with an increase in
the injection pressure. It means that there is an exponential increase in the storage
capacity of carbon dioxide with increasing the injection pressure but there is always an
upper value of the injecting pressure, after which the reservoir will be damaged. In this
study Mohr column failure criteria is used to evaluate the reservoir damage and the
calculation shows that the reservoir will fail at an injection pressure of 19 MPa. The
failure analysis in this study shows that the rocks failure because of carbon dioxide

injection is normally due to maximum shearing stresses.
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It is important to note that for determining the correct values of the pressure,
displacement, and stress fields in a naturally fractured reservoir, one may consider the
reservoir as a combination of two regimes (i.e. matrix and fractures), such that there is a
continuous interaction between the two regimes that allows the confined fluid to move
between them [60]. Moreover, the consideration of sorption-induced strains has an effect
on the determination of the permeability, porosity and volumetric strain in the reservoir
[61].

In this investigation, the Ghawar oil field located in eastern Saudi Arabia, which
is the world largest oil field, has been considered. It is a carbonate reservoir with dual-
porosity, like most of the sedimentary oil reservoirs in Saudi Arabia. Accordingly, the
dual-porosity modeling is necessary for estimating the strength of the reservoir matrix
and its corresponding deformation due to the injection of CO; at high values of injection
pressures. The consideration of the dual-porosity will help to find the safe values of the
injection pressures of carbon dioxide for specific sedimentary reservoirs [62].

The literature review attests to the importance of numerical modeling techniques
in evaluating stresses and deformations in sedimentary reservoirs in general, and in the
naturally fractured sedimentary rocks in particular. In this study, a numerical modeling
methodology is invoked for the coupled behavior of the CO, injection and the change in
the geomechanical behavior of the naturally fractured sedimentary carbonate reservoir,
wherein the site of Ghawar Arab-D carbonate petroleum reservoir is considered as a case
study from Saudi Arabia. In this investigation, the COMSOL multi-physics modeling
software was utilized to couple the CO, flow in the naturally fractured media and its

corresponding mechanical impact on the reservoir. In this context, a fully coupled non-
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linear field equations are written to include the sorption-based deformation of carbonate
reservoir during the injection of compressible fluid (CO,) to the sedimentary reservoir.
The current numerical modeling scheme considers the crucial role of the in situ
stresses and interaction between fractures and matrix in correctly estimating the
deformation and stress fields in the naturally fractured carbonate reservoir during CO,
injection. The change in the stress-displacement field within the reservoir due to changes
in its porosity and permeability as a result of the injected compressible CO, has been
addressed. Moreover, the present investigation extends the previous studies by
considering the sorption-based deformation during the injection of the compressed CO,
fluid into the naturally fractured carbonate reservoir. The sorption-induced strains and the
interaction between matrix and fractures have been evaluated. Moreover, the Mohr-
Coulomb failure criterion has been utilized to investigate the stability of the reservoir
during the coupled process of carbon dioxide injection into the reservoir and the

corresponding change in the stress field.

2.2.3 Existing modeling schemes for geomechanical analysis

Several modeling tools have been utilized for the coupled CO, flow and reservoir
deformation analyses for both single-porosity and naturally fractured reservoirs. The
various case studies from the literature for the single-porosity and naturally fractured
reservoirs in the previous sections discuss in detail the various simulators used during the
numerical modeling in those studies. In most of the studies in the literature, separate
simulators were used for the flow of carbon dioxide and reservoir geomechanical
analysis. Using separate tools create new challenges of simulators interfacing because the

output from the flow simulator will be used in the deformation simulator and similarly
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the output of deformation simulator will be used in the flow simulator in each time
interval. Using two simulators also increases the processing time. The equation based
modeling option in COMSOL multiphysic solve the above mention problems and also
give the flexibility to use recent mathematical models for the flow and geomechanical
analysis of naturally fractured reservoirs.

Recently a simulation tool COMET3 was used for carbon dioxide sequestration
assessment in Eastern gas shale [63]. The CMG and ECLIPSE simulation tools were also
used for modeling the carbon dioxide injection in Devonian gas shale [64]. The Loose
staggered-in-time coupling technique can be used to perform efficient geo-mechanical
analysis of the reservoir undergoing carbon dioxide injection [65]. Kvamme et al. [66]
used improved version of the Ratraso Code Bright (RCB) for saline aquifers. As
compared to other methods for modeling the geomechanical behavior during CO,
injection, this code has an implicit geomechanical module, which can converge even at
high injection pressures. In this study the RCB modeling procedure is applied to a 2D
example, which confirms the efficient convergence ability of the modeling method.

A geomechanical analysis was performed for Krechba field at In Salah, Algeria
during carbon dioxide injection [42]. A multiphase flow simulator (TOUGHZ2) was used
to model the flow of carbon dioxide in the reservoir and a geomechanical simulator
(FLAC3D) was used to determine the change in reservoir stresses with carbon dioxide
flow in the reservoir. The two models are actually fully coupled so a change in the flow
pattern will tend to change the stress conditions in the reservoir. The main problem in
using two different simulators for flow and geomechanical analysis is that coupling

between the software becomes a big challenge. The same analysis can be performed in
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multiphysic software like COMSOL more efficiently due to the fact that COMSOL has
both flow and geomechanical simulators within one package. The processing time is
much less compared to other strategies using two simulators for the flow and
geomechanical analysis. Apart from this, COMSOL has the strength of performing
equation based modeling and hence give flexibility to users to use new efficient
mathematical models for coupled geomechanical analysis during carbon dioxide

injection.
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CHAPTER 3

NUMERICAL MODELING OF CO, INJECTION INTO A SINGLE-
POROSITY RESERVOIR

3.1  Overview of CO; injection into single-porosity reservoirs

Before the complex numerical modeling of the naturally fractured reservoirs, a detail
numerical modeling procedure is discussed for the relatively simple single-porosity
reservoirs. Modeling single-porosity reservoir is easy compared to naturally fractured
reservoirs due to the fact that the flow and deformation equations are applied only to the
matrix medium in the single-porosity reservoir. In the following sections a numerical
modeling procedure for the coupled carbon dioxide flow and reservoir geomechanical
analysis is developed first for the single-porosity reservoir with single-phase flow and

then for the single-porosity reservoirs with two-phase flow.

3.2  Single-porosity reservoirs with single-phase flow

In the coming sections the process of CO, injection into the single-porosity reservoir is
discussed. The Biyadh sandstone reservoir in Saudi Arabia is considered as a case study
and numerical modeling is performed for carbon dioxide flow and geomechanical
analysis of the reservoir. The research work in the following sections presents a first
attempt to evaluate the parameters of the safe CO; injection process and its feasibility for
Biyadh sandstone reservoir. In this context, the flow of the compressible carbon dioxide
and its mechanical impact on the porous reservoir matrix is evaluated using COMSOL
multi physics software. For an injection period of five years the ground uplift was

determined both for locations close to the injection site and at several kilometers away
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from the injection site. Using the output displacement variables, the volumetric and
principal strains are evaluated. The variation of pore pressure with time, as well as the
storage capacity has been evaluated over the entire injection period. Finally the Mohr-
Column criterion is used to find the maximum limit injection parameters that can cause

failure of the sedimentary reservoir and consequent leakage to the overburden layers.

3.2.1 Governing equations

The mathematical modeling for the fully coupled carbon dioxide flow and reservoir
deformation analysis of carbon dioxide injection into sedimentary reservoir consists of
two sets of governing equations. The first set of equations deals with the flow of carbon
dioxide in the reservoir, while the other set deals with the corresponding deformation of
the reservoir. In this section, the equations are defined for the three displacement
components, u, v, and w, in addition to the pore pressure. The following section defines
the governing equations for the reservoir deformation and carbon dioxide flow in the
sedimentary reservoir [67, 68, and 69].

The governing equations for the reservoir deformation are given by

—V.c=F, = Pavg 8 (3.2)
The pore pressure, stress and strain are related as follows:

s—sg=C:(e— gy — €pe ) — apsl (3.2)
e= 2 (VW) + Vu) (3.3)

Here s denotes the stress tensor and s, denotes the initial stress values. The flow
equations are combinations of mass conservation, Darcy’s velocity, and storage model.

The mass conservation equation is given by
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The Darcy’s velocities are given as:

q =~ (Vp; + p;g¥D) (35)
and the storage model is given as:

%(pfgp) = pfs% (3.6)
Here, S is the storage term. Substituting equations (5) and (6) in equation (4), we get the

following equation:

dey

pfS% + V.p; [— E (Vps + pngD)] =Q—po- 3.7)

Where d¢, / dt is the matrix volumetric strain rate of change. The storage parameter is

given by

(l—Sp

< (3.8)

S==2+
K¢
Where K¢ and K are the fluid modulus and bulk modus respectively.

3.2.2 Model setup in COMSOL multiphysics

The solution procedure is to use COMSOL multiphysics software to solve the equations
of carbon dioxide flow and reservoir deformation. The COMSOL multiphysics software
will use the reservoir material properties and carbon dioxide injection parameters as
inputs. At the output of the COMSOL software, the values of the pore pressure and
ground uplift will be obtained. COMSOL multiphysics software is used to model the
carbon dioxide injection into Biyadh sandstone reservoir. In this section, the various input
properties required for the modeling process are tabulated along with the description of

the modeling procedure adopted in COMSOL. Each geological layer in the overburden,
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basement, and the Biyadh sandstone reservoir is modeled in COMSOL such that each
layer has a different thickness value. The geological model of Biyadh sandstone reservoir
is shown in Figure 3.1. The model constructed in COMSOL representing Biyadh
sandstone reservoir with the associated overburden layers and with one injection well is
shown in Figure 3.2. In order to accommodate COMSOL requirements the model in
Figure 3.1 has been placed layer by layer and only the central part (24-28 km) has been
used for modeling. No flow condition is considered at the boundary surfaces of the
injection reservoir to calculate the reservoir pore pressure buildup and stability for the
severe critical possible condition of the reservoir. With closed boundary conditions the
pore pressure buildup will be more compared to the open boundary conditions so the safe
values of injection parameters calculated for the closed reservoir will also keep the
reservoir safe if open boundary conditions are considered.

The model in Fig. 3.2 has a total of 220,092 degrees of freedom, where each node has
four independent variables that represent three displacements in addition to the pore
pressure. The modeled reservoir’s surfaces have roller constraints, which allow the
determination of the vertical ground uplift. Some of the properties of the reservoir and
input parameters used in the simulation are listed in Table 3.1 [70, 71, and 72]. The
model dimensions and the period of carbon dioxide injection into Biyadh Sandstone

reservoir is given in Table 3.2.
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Figure 3.1 Geological model of Biyadh reservoir and various overburden layers [70]
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Figure 3.2 Simulation model for the Biyadh reservoir undergoing CO, injection

Table 3.1 Formation properties of Biyadh sandstone reservoir [70, 71, and 72]

Model Parameter For Reservoir | For Caprock

Rock Density, p(Kg/m?3) 2360 2030
Young’s Modulus, E (GPa) 44.7 18.1
Bulk Modulus, K (GPa) 25.7 9.13
Shear Modulus, G (GPa) 17.2 6.9
Initial porosity, @,, 0.12 0.09

Initial permeability, k; (10™ m?) 0.7 0.025
Biot Coefficient, o 0.7 0.4
Dynamic Viscosity, u(10~°Pa.s) 1.84 1.84

Pressure wave velocity, Vp (m/sec) 4040 3010

Shear wave velocity, Vs (m/sec) 2700 1810
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Table 3.2 Overall simulation properties for CO; injection into Biyadh reservoir

CO, injection period (Years) 10
Overall model dimensions, lengthxwidthxheight 4,000 X 2,000 X 1,820
(m)

3.2.3 Stress regime and pre-stressing of the model

The Biyadh formation is under compressional stress regime according to the world stress
map, which tends to produce compressive stresses [73, 74, and 75]. During the coupled
carbon dioxide injection and reservoir deformation process, the horizontal stresses
change with time. The vertical principle stress is dependent on the density and depths of
the overburden layers. If the reservoir is under compressional stress regime, like the one
considered in this study, the relationship between the magnitudes of the three principle
stresses is such that, o0;>0,>03, where o4 is the maximum horizontal stress (oy), 05 is
the minimum horizontal stress, and o5 is the vertical stress caused by the weight of the

overburden layers [76, 77, and 78].

3.2.4 Model validation

First, let us start by validating the developed COMSOL multiphysics model. In order to
validate the poroelastic modeling in COMSOL, some published carbon dioxide injection
scenarios in the available literature have been simulated. The modeling procedure starts
with a simple homogenous model for a five-year injection period of carbon dioxide that
was solved analytically by Rudnicki [79]. The various input material and simulation
properties for the model are listed in Tables 3.3 and 3.4. A single layer 3D simulation

model was constructed in COMSOL multiphysics as shown in Figure 3.3. All the
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external surfaces are with roller constraint condition except the top surface, which is
allowed to move in the vertical direction during carbon dioxide injection.

After an injection period of five years, the spread of carbon dioxide and the
corresponding pressure variation is shown in Figure 3.4, wherein the pore pressure is
shown to attain higher values closer to the injection well. The change in the reservoir
pore pressure is plotted along the length of the reservoir in Figure 3.5, which shows that
the pore pressure variation obtained by our numerical model in COMSOL is in excellent
agreement with the analytical solution by Rudnicki [79].

The second validation test is for a reservoir having both under burden and over

burden layers. In this case, carbon dioxide is injected into a sandstone reservoir for sixty
years with both under burden and over burden layers of shale [80]. A multilayer 3D
simulation model constructed in COMSOL is shown in Figure 3.6. All the external
surfaces have roller constraint condition except the top surface, which is allowed to move
in vertical direction during carbon dioxide injection. The input parameters and simulation
properties of the model are listed in Tables 3.5 and 3.6.
After an injection period of sixty years, the spread of carbon dioxide and the
corresponding pressure variation is shown in Figure 3.7. Both the solution in the
literature and in the current study is based on the finite element method. The reservoir
pore pressure is plotted in Figure 3.8 for the sixty-year injection period into the sandstone
reservoir, which shows that the pore pressure variation obtained from our COMSOL
model is in good agreement with the solution reported in [80].

In order to demonstrate that the developed COMSOL multiphysics model for the

deep Biyadh sandstone reservoir is representative of the existing field conditions, the
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simulated stability results were compared with those reported by Haidary et al. [81]. The
stability analysis for the reservoir is strongly dependent on the magnitudes of the pore
pressure and horizontal stresses. Haidary et al. calculated the critical values of the
horizontal stresses based on micro-frac test data, actual rock failure image logs, and poro-
elastic horizontal strain model. Based on the breakout pressure (pressure corresponding to
the shear failure of the Biyadh reservoir), the change in the pressure needed for the shear
failure of the reservoir was calculated. Using the critical mud weight and the results from
Haidary et al. [81], the critical values of the horizontal stresses for the shear failure were
calculated.

The change in the pore pressure and horizontal stresses was used to construct a
Mohr’s circle for the final stress condition of the reservoir. The Mohr’s circle based on
the work of Haidary et al. in Figure 3.9 shows that the reservoir’s shear failure will occur
for the corresponding change in pore pressure and horizontal stresses. For the same pore
pressure change, the new effective normal stresses were calculated using the
geomechanical model in COMSOL multiphysics software. The changes in the pore
pressure and horizontal stresses were used to construct Mohr’s circle for the new stressed
condition of the reservoir based on the geomechanical modeling in COMSOL
multiphysics software, as shown in Figure 3.9. The Mohr’s circle based on the
geomechanical modeling in COMSOL multiphysic software also touches the failure
envelope, which shows that the reservoir will be under shear failure if the pore pressure is
changed to the value given in Haidary et al. [81]. The Mohr’s circles in Figure 3.9 shows
that the stability analysis performed using our model for the Biyadh reservoir is in good

agreement with the stability analysis performed by Haidary et al. [81].
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Figure 3.3 Simulation model for CO; injection into a single layered sedimentary
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Figure 3.4 The spread of CO, and the corresponding pressure variation after five years of
CO; injection
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Figure 3.5 Change in the reservoir pore pressure along the length of the reservoir during
five years of CO; injection
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Figure 3.6 Simulation model for CO; injection into a multi layered sandstone reservoir
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Figure 3.7 The spread of CO, and the corresponding pressure variation after sixty years
of CO; injection
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Figure 3.8 The reservoir pore pressure for sixty years of CO; injection into the reservoir
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Figure 3.9 Comparison of the stability analysis of COMSOL multiphysic software with
the study from the literature

Table 3.3 Various input parameters for the simulation of CO; into the single layer model

Parameter Value
Poisson’s ratio for the medium 0.25
Density of CO,, p, (kg/m®) 1.98
Viscosity of CO,, i (Pa s) 1.84 X 10®

Density of reservoir material, p_(kg/m?®) | 2210

Initial porosity, @, 0.2

Initial permeability, ko (M%) 98X 10"
Shear Modulus, G (GPa) 6.5

Bulk Modulus, K (GPa) 13.3
Biot’s coefficient, a 0.7
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Table 3.4 Simulation properties for the injection of CO; into the single layer model

Rate of CO; injection (kg/sec) 40

Period of CO, injection (Years) 5

Model dimensions, lengthxwidthxheight,(m) | 10,000 X 5,000 X 3,000

CO, injection depth (m) 1700

Table 3.5 The input parameters for the modeling of CO, injection into multi layered

model
Parameter Over burden | Top shale | Reservoir | Basement
Poisson’s ratio for the medium 0.25 0.25 0.25 0.25
Density of rock material, p(kg/m°) | 2210 2130 2210 2130
Initial porosity, @, 0.01 0.01 0.20 0.01
Initial permeability, ko (10°m?) | 0.098 0.0009 986.9 0.0009
Young’s Modulus, E (GPa) 15 15 20 15
Layer Height, h (m) 1200 600 700 500

Table 3.6 Simulation properties for CO, injection into the multi layered model

Rate of CO; injection (kTons/year) 207

Period of CO, injection (Years) 60

Model dimensions, lengthxwidthxheight,(m) 10,000 X 1,000 X 3,000
CO, injection depth (m) 2300

3.2.5 Results and discussions

3.25.1 Critical pore-pressure
Having validated the numerical COMSOL model, one may proceed to investigate the
pore pressure variation and its effect on the stability of the Biyadh sandstone reservoir. In

this context, the reservoir geomechanical simulation may be performed as uncoupled,
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partially coupled, or fully coupled. In this investigation, the reservoir stability analysis is
performed using both coupled and uncoupled geomechanical scenarios. During the
uncoupled geomechanical modeling, the values of the horizontal stresses remain constant
during the pore pressure variation in the reservoir. For the uncoupled geomechanical
simulation, it is possible to calculate the value of the critical pore pressure for a reservoir
under carbon dioxide injection. The critical pore-pressure is the value that causes failure
of the reservoir, reactivates existing fractures or creates new fractures in the reservoir
structure. For the intact reservoir with no major faults, the critical pore pressure tends to

create new shear fractures that can be calculated as [47, 82]:

cos Y 303—01
—sin s T 2 (3.9)

P, critical — intact = C,
1

Where o, and o3 are the maximum and minimum principle stresses respectively within
the compression stress regime [83]. The pressure P, is the pore pressure, C, is the
cohesion, and y is the friction angle for the reservoir. If there are pre-existing fractures,

then the cohesion is zero and the critical pore pressure is given by

- o 303—
P,, critical — re — activation = % (3.10)

If the value of the pore pressure is increased beyond the value given by equation (3.10),
then the already existing fractures tend to get reactivated. The critical pore pressure for
the tensile failure of the reservoir is given by

P,, critical — tensile = 03 + T (3.11)
where T, is the tensile strength of the reservoir. Considering the compressional stress

regime, the critical pore pressures for the three cases above are given in Table 3.7.
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Table 3.7 Critical pore pressure change at the injection well for the compressional stress

regime
Property Value for the compressional stress regime
c1(MPa) 35.70
o3(MPa) 28.60
P, critical — intact(MPa) 33.71
P, critical — re — activation(MPa) 25.05
P,, critical — tensile(MPa) 31.10

3.2.5.2 Pore-pressure variations and its effects on reservoir stability

The injection of carbon dioxide into the Biyadh sandstone reservoir increases the pore
pressure and causes volumetric expansion of the reservoir, which will eventually cause
vertical ground uplift. The maximum pore pressure should be within the safe limits to
ensure the reservoir stability. Accordingly, optimum values of the injection pressure and
injection period should be determined for safe CO, sequestration. In this simulation, the
injection pressure is varied within the range of 22-26 MPa. CO; is injected for ten years
at a depth of 1350 meters via one injection well at the center of the reservoir. The
following sections discuss the pore pressure variation at various injection pressures and
its effects on the vertical ground uplift, as well as stability of the reservoir. The Mohr-
Coulomb failure criterion is used to analyze the reservoir stability for the current CO,

injection scenario, which includes both coupled and uncoupled geomechanical analyses.

3.2.5.3 Pore-pressure variations and its effects on ground uplift
In this study, CO, is injected into Biyadh sandstone reservoir. Before the injection, the

reservoir was at initial stress and pore pressure conditions. As carbon dioxide injection
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has started, the pore pressure started to increase. The increase in the pore pressure is
strongly dependent on the injection parameters specially the injection pressure of carbon
dioxide. Although, large values of injection pressure maintain a high potential for the
flow of carbon dioxide along the reservoir, there exist a maximum value of injection
pressure, at which the reservoir maintains its stable condition. After the ten-year injection
period, the spread of carbon dioxide and the corresponding pressure variation is shown in
Figure 3.10 for different injection pressures. As shown in Figure 3.10, even after the
same period of carbon dioxide injection, the pore pressure attains higher values as the
injection pressure increases.

The largest value of injection pressure i.e. 26 MPa in this case, is kept lower than
the Lithostatic static pressure for the current reservoir to ensure maximum reservoir
stability. The pressure variation at various injection periods of carbon dioxide is shown in
Figure 3.11 for the maximum safe value (26 MPa) of the injection pressure for the current
reservoir. Figure 3.11 shows that the magnitude of the pore pressure increases throughout
the reservoir as the injection period increases. The pore pressure variation monitored for
various injection pressures at a point near to the carbon dioxide injection well is
displayed in Figure 3.12.

During the hydrocarbon production, the pore pressure depletion causes subsidence
of the ground surface. Similarly, when carbon dioxide is injected into the reservoir; it
increases the pore pressure and causes the ground surface to displace in upward direction.
The value of the maximum ground uplift should be monitored during carbon dioxide
injection, not only close to the injection well but also farther away up to several

kilometers around the injection port. Figure 3.13 shows the ground uplift after ten years
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of CO; injection at different injection pressures. As shown in Figure 3.13, the ground

uplift is maximum just above the injection point and extends for several kilometers

around the injection well. Figure 3.14 shows the ground uplift monitored for different

injection pressures at a point close to the carbon dioxide injection well.
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Figure 3.10 The spread of carbon dioxide after ten years of injection period at different
injection pressures; (a) 22 MPa
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Figure 3.14 The ground uplift for various periods of injection and at various injection
pressures

3.2.5.4 Stability analysis of the reservoir
The stability analysis of the reservoir is performed using the Mohr-Coulomb failure
criterion. During the uncoupled geomechanical analysis, the horizontal stresses in the
reservoir remains constant and hence the reservoir stability is totally a function of the
pore pressure. During the coupled geomechanical reservoir modeling, the increase in the
pore pressure causes a decrease in the effective stresses and subsequently an increase in
the horizontal stresses [30, 84]. As no major fault results from the selected Biyadh
sandstone reservoir, the failure envelope for the intact rock type is considered.

For the uncoupled geomechanical analysis of the reservoir, the reservoir stability
is only dependent on the pore pressure variations. As shown in Figure 3.12, the maximum
pore pressure increase is with an injection pressure of 26 MPa. The increase in the pore

pressure causes a decrease in the effective stresses and hence moves the reservoir to a
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new stress condition closer to the failure envelope [85]. The dashed circle in Figure 3.15
shows the initial stress condition of the reservoir, while the final stress state at the
injection pressure of 26 MPa is represented by the solid circle. The failure envelope and
the change in the reservoir stresses shown in Figure 3.15 are in good agreement with the
critical pore pressure values given in Table 3.7.

However, for the coupled geomechanical analysis of the reservoir, the reservoir
stability is dependent both on the pore pressure variations and also on the change in the
horizontal stresses resulting from carbon dioxide injection. As shown in Figure 3.16, the
maximum pore pressure and horizontal stresses increase is recorded at the injection
pressure of 26 MPa. The dashed circle in Figure 3.16 shows the initial stress condition of
the reservoir, while the final state of stress at the injection pressure of 26 MPa is shown
by the solid circle. The increase in the pore pressure and horizontal stresses causes the

reservoir to shift to a new stress condition closer to the failure envelope.
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Figure 3.15 Effect of pore pressure variation on the stability of the reservoir for
uncoupled geomechanical analysis
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Figure 3.16 Effect of pore pressure variation on the stability of the reservoir for coupled
geomechanical analysis

3.2.5.5 Reservoir occupancy

The occupancy of the Biyadh sandstone reservoir is evaluated for a ten-year injection
period of carbon dioxide. The initial pore volume for the selected Biyadh sandstone
reservoir is 3.072 X 108m3. Based on the injection scenario given in Tables 3.1 and 3.2,
the volume of CO, amounts to 2.02 X 10°m?3 for the ten years of injection. The value of
2.02x10° m® is determined from the mass of carbon dioxide that is injected during ten-
year injection period and the density of carbon dioxide. At the depth of 1350 meters, the
formation volume factor for the reservoir is 0.00375 m*/m?® [86]. For this volume factor at
the considered depth, CO, is normally stored in a dense state with a volume of
7.57 X 10°m3, which corresponds to occupancy of 2.4 % of the available pore volume.

The maximum occupancy value for a closed boundary reservoir was estimated by several
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investigators at a maximum of 3% of the total available volume; [68, 87, and 88], which
shows that the occupancy of 2.4 % in the current injection scenario with one injection

well is within the safe limits.

3.3 Single-porosity reservoirs with two-phase flow

In this section, the single-phase flow modeling in Biyadh reservoir is extended to two-
phase flow modeling of CO, in the Biyadh reservoir. Two-phase flow is considered
during the geomechanical modeling of the reservoir with caprock leakage. Caprock is
considered as dual-permeability medium for modeling the carbon dioxide leakage
through the caprock. The Barton-Bandis model is utilized to relate the change in the
effective stresses to the fracture permeability in the caprock. The Barton-Bandis model
was applied only to specific grid blocks that represent fracture in the caprock. The
injected carbon dioxide changes the effective stresses on the fracture in the caprock and
causes leakage of the stored carbon dioxide. The leaked carbon dioxide will change the
ground uplift pattern and hence the modeling procedure in this study will help in finding
the exact location and dimensions of the fracture in the caprock from the location and
magnitude of the ground uplift. The injected carbon increases the pore pressure,
horizontal stresses and causes the vertical ground displacement. The Mohr-Coulomb

criterion for the shear failure is used in the study for the stability analysis of the reservoir.

3.3.1 Governing equations

The Biyadh sandstone reservoir contains water and therefore it requires a modeling
procedure that can take into account the two-phase flow together with the corresponding
deformation of the reservoir. The coupled geomechanical and stability analyses are
performed using CMG-GEM software. GEM is an efficient, multidimensional, equation-
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of-state (EOS) simulator that provides the flexibility to use custom script files for
performing multiphysics operations. GEM was developed by the Computer Modeling
Group (CMG) for the geomechanical modeling of single-porosity and naturally fractured
reservoirs. GEM can perform efficient dual-permeability modeling by considering fluid
flow, not only between the matrix elements but also between the matrix and fractures.
One of the advantages of this software is its capability of the simultaneous modeling of
the production and injection processes. It can also model the reservoir's post production
and post injection responses [89-93].

The iterative coupling method was used in the geomechanics module of CMG-GEM
software to perform coupled two-phase flow and reservoir deformation analyses. Due to
the iterative coupling method, the flow variable i.e. pressure is first calculated in the
parent CMG flow simulator and later sent to the GEM module to calculate the
deformation variables such as displacements, stresses, and strains of the reservoir. In the
coupled geomechanical modeling by CMG-GEM, the displacement values in each time
step are used to calculate the change in the matrix porosity. Using the change in porosity,
a new value of the porosity at each grid point is calculated and used for the next time step
by the flow simulator [89-93, 94, 95]. The following sections present the equations of the
two-phase flow, the deformation of the reservoir, and Barton-Bandis model of carbon

dioxide leakage through the caprock [90, 96].

3.3.1.1 Multiphase flow of carbon dioxide through the reservoir
The flow simulator of CMG is a compositional simulator, in which the composition of

the phase changes with the change in pressure, and quantity of the injected fluid in the
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reservoir. The conservation of mass for the case of CO, injection into the reservoir is

defined as [69, 80, 89, 97, and 98]

= (pL® (1—£)S) — V.(pLvi) = Q (3.12)

where L refers to the phase (either water or carbon dioxide), p;, is the density of
corresponding phase, @ is the true porosity of the reservoir, €, is the volumetric strain in
the reservoir due to the injected carbon dioxide, S; is the saturation, v; represents
Darcy’s velocities, and Qy, represents the flow rate. Equation (3.12) relates the changes in
deformation of the reservoir and the porosity to the injected CO, at a specific flow rate in
the reservoir. Due to the deformation of the reservoir, new values of the porosity and
volumetric strain are invoked at each iteration step of the coupled model solution. The
reservoir porosity (@*) is a function of both the true porosity (@) and volumetric strain,

which is defined by [98]
"= 0(1-¢) (3.13)

where €, is the volumetric strain. The new values of porosity, calculated by equation
(3.13) will be used by the modeling procedure to find the new values of the pore pressure
at each node. The values of the pore-pressure will be used in the deformation equations to
find the new values of the effective stresses on the reservoir. Knowing that the current
value of porosity at any time step is dependent on the value of the volumetric strain in the

reservoir one can use equation (3.13) to write the equation of the conservation of mass as

%(pLQ*SL) = V.(pv) = Qg (3.14)
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With the current values of porosity in equation (3.14), new values for the pore-pressure
can be calculated based on the saturation and capillary pressure of each phase in the
reservoir. The relations showing the saturations and capillary pressure of carbon dioxide

and water in the reservoir can be stated as [80]
Swater + Scarbon dioxide = 1 (315)

Pc(Swater) = l)carbon dioxide l)Water (316)

where S,,.ter 1S the saturation of water, S..bon dioxide 1S the saturation of carbon dioxide.
From equation (3.16), the capillary pressure P.(Syater ) 1S €qual to the difference of the
pore pressures corresponding to carbon dioxide and water phases, respectively. Now,

utilizing Darcy’s law, the Darcy’s velocities for phase L are given by
k
v =—2=(Vp—pLg) (3.17)

where Kk, is reservoir’s permeability, p, is the viscosity, and p is the pore-pressure. At
each time step, as CO; is injected in the reservoir, the value of the permeability will be
updated. New values of the reservoir's permeability are calculated using Kozeny—Carman

model from the current values of the porosity as

k _ (@)3 (ﬂ)z (3.18)

0,/ \1-¢

where k is the current value of permeability, k, is the initial reservoir permeability, @ is

the current value of the porosity, and @, is the initial porosity of the reservoir.
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3.3.1.2 Deformation of the reservoir
The pressure-induced deformation of the reservoir causes the displacement field to
change. New values of the strain tensor can be calculated using the strain-displacement

relationship

& = %(ui,j + u;;) (3.19)
where u;; represent the displacement components and ¢ is the strain tensor and u;;,
which is used to calculate the stresses in the reservoir.

Using the constitutive relation of equation (3.20), the stresses in the reservoir can be

calculated from the already calculated strains using equation (3.19); e.g. [99-102]. This

can be expressed as

oy = 2Gg; + (K — %) gk 8i + apd; (3.20)
where oj; is the stress tensor, G is the shear modulus for the reservoir, K is the bulk
modulus, 8ij is the Kronecker delta, and « is the Biot’s coefficient. Once we have the new
values of pore-pressure and the total stresses, the effective stresses in the reservoir can be
easily calculated. The effective stresses in the reservoir can be defined as

O'i]-, = 0;; — apd (3.21)

ij ij

where ci]-' represent the values of the effective stresses. The effective stresses calculated

from equation (3.21) are then used to perform stability analysis of the reservoir.

3.3.1.3 Barton-Bandis model for modeling leakage of carbon dioxide
The carbon dioxide flow equations (3.12-3.18) and the reservoir deformation equations
(3.19-3.21) are coupled to give the change in pore pressure, effective stresses, and

deformations of the reservoir. The change in the effective stresses is utilized by Barton-
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Bandis model to monitor CO, leakage during the injection process by calculating the
value of fracture permeability from the normal fracture effective stress. The Barton-
Bandis model accurately models the change in the fracture permeability by considering
an initial value for the fracture permeability at the equilibrium conditions before CO,
injection. As the effective stresses start to decrease with carbon dioxide injection, the
fracture permeability increases. When the effective stresses decreases past the critical
value, the fracture permeability becomes very high; thus causing the fracture to open
completely and leak the injected carbon dioxide to the overburden layers [91, 92, 97]. As
compared to the other models used for calculating the fracture permeability, the Barton-
Bandis model can be applied to specific grid blocks to simulate the change in the
permeability of a single fracture [60, 103, and 104]. The fracture permeability k¢ can be
calculated as

ke = ke (e/e,)* (3.22)

where k¢, is the fracture closure permeability, while noting the following:

e= e, — V, (3.23)
ke \ 14
V, = e, [1— (é) ] (3.25)

where e, is the initial fracture aperture and e is the current fracture aperture, V; is the

stress to fracture stiffness ratio, o, is the normal fracture effective stress, k,; is the initial
normal fracture stiffness, kg is the initial fracture permeability and V,, is the minimum

fracture aperture.
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3.3.2 Model description and input parameters

The CMG-GEM software has been employed for modeling the coupled two-phase flow
and deformation of Biyadh sandstone reservoir. In this investigation, the modeling
procedure is primarily focused on determining the changes in the pore pressure and
ground uplift caused by carbon dioxide injection into the reservoir. The Biyadh sandstone
reservoir is located above the Arab Jubaila carbonate reservoir. The geological locations
and details of the depths of different geological layers above and below the Biyadh
reservoir are shown in Figure 3.1. As shown in Figure 3.17, a simulation model is
constructed for Biyadh sandstone reservoir with the injection well located at the center of
the reservoir. The three-dimensional layered model of Figure 3.17 represents one under
burden layer, a caprock above the Biyadh layer, and six overburden layers.

In this coupled geomechanical modeling procedure, the Biyadh reservoir is
treated as a single-porosity structure, while the caprock is modeled as a fractured
structure. The dual-permeability modeling in CMG-GEM [89, 92], is performed with the
fracture grid blocks activated only in the caprock structure. In this injection process, the
fluid transfer takes place only through the matrix blocks and thus the formulation
discussed in sections 3.3.1.1 and 3.3.1.2 will be utilized. In this context, the number of
grid blocks of the caprock is refined to accurately simulate the fluid flow through the
fractures. A total of 19,200 grid blocks are used to construct the model with Cartesian
grid type. In the caprock, the Barton-Bandis model is used to calculate the changes in the
fracture permeability, while the displacements and pore pressure in the injection zone are
calculated at every grid block at each time interval. The injection pressure of 23 MPa was

used to inject CO, for a period of ten years. All sides of the model were assigned roller
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boundary condition to allow motion in the upward direction. Appropriate initial stresses
were applied to the reservoir before the onset of carbon dioxide injection. The input
parameters used during the modeling are listed in Table 3.8 [60, 70-72, 104-107]. The
carbon dioxide injection into Biyadh reservoir represents a case of carbon dioxide
injection into a water-filled medium. As CO; is injected into the reservoir, it displaces the
water in the pores and increases the gas saturation in the vicinity of injection point. In this
study the relative permeability curves take into account the reservoir pressure,

temperature, and brine salinity [108, 109]. Figure 3.18, shows the permeability curves.
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Figure 3.17 Simulation model for Biyadh reservoir with injection well at center of the
reservoir
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Figure 3.18 Relative permeability curves for CO; injection into Biyadh reservoir

Table 3.8 Input parameters for coupled geomechanical modeling of Biyadh reservoir [60,

70-72, 104-107]

Hofuf
Dam
Hadrukh

UmEr

Rus Radhuma

Property Dammam Aruma

Wasia

Hith
Anhydrite

Biyadh

Shuaiba Sulay

Layer
thickness

(m)

150 200 90 250 160

230

100 320 100

Grid top (m) | 0 150 350 | 440 690

850

1080 1180 1500

Rock
Density,
p(Kg/m?)

1877 2289 2280 2020 2090

2270

2030 2360 2960

Young’s
Modulus, E 7
(GPa)

21.43 3725 | 21 15.6

27.84

18.1 447 42.67

Bulk
Modulus, K
(GPa)

2.83 11.47 22.8 11.67 7.8

9.82

9.13 25.7 38.2

Shear
Modulus, G
(GPa)

2.6 8.004 1391 | 7.83 5.828

104

6.65 17.2 15.932

Initial
porosity,
Qij

0.2 0.2 0.28 0.24 0.17

0.29

0.09 0.12 0.01

Initial
permeability,
kmo (10°%®
m?)

0.2 0.02 0.25 0.01 0.15

0.2

0.025 0.7 0.00001

Pressure
wave
velocity, Vp
(m/sec)

1835 3110 4260 3310 2730

3230

3010 4040 4480

Shear wave
velocity, Vs
(m/sec)

1180 1870 2470 1970 1670

2140

1810 2700 2320
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3.3.3 Results and discussion

3.3.3.1 Reservoir pore pressure variation with CO; injection

The injection of carbon dioxide into the Biyadh reservoir will change both the pore
pressure and stress fields. As Biyadh sandstone reservoir is filled with water, the injected
carbon dioxide will be stored by displacing water, as well as dissolving into the
reservoir's water phase. The increase in the pore pressure primarily affects the reservoir
stability if the caprock is not fractured. If the caprock is fractured, then the increase in the
reservoir pore pressure tends to activate the already existing fractures in the caprock; thus
causing leakage of carbon dioxide into the overburden layers.

A fractured zone is simulated in the caprock to investigate its effect on the pressure
response in the reservoir. The fractured zone is simulated by assigning a large value of
permeability to the grid blocks in the caprock at a distance of 200 meters from the
injection well. The transport of carbon dioxide to the overburden layers is restricted by
the impermeable caprock. The simulation results of carbon dioxide saturation are shown
in Figure 3.19 for both cases of fractured and non fractured caprock. For the case of non-
fractured caprock, carbon dioxide is shown to have been restricted by the caprock to
spread only within the reservoir, while for the case of fractured caprock, the carbon
dioxide has leaked into the overburden layers.

The pressure response will show the leakage of CO, from the reservoir. In Figure 3.20,
the pressure response of the reservoir is shown for both cases of the fractured and non-
fractured caprock. Pressure buildup is higher in the case of non-fractured caprock and is
lower in the case of fractured caprock due to the leakage of the pressurized CO; into the

overburden layers. The leakage of CO, to the overburden layers will increase the local
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pore pressure. In the current investigation, carbon dioxide is injected for a period of 10
years. The pore pressure increase due to carbon dioxide injection during this injection
period is shown in Figure 3.21. Here, the injection pressure is varied in the range of 23-
27 MPa for both fractured and non-fractured cases. It can be concluded from Figure 3.21
that the pore pressure increase is higher when the carbon dioxide flow is restricted by the
caprock, and attains a comparatively lower value for the fractured caprock.

It is also important to examine the effect of the location of the fracture zone in the
caprock on the magnitude of the pore pressure in the overburden layers. The magnitude
of the pore pressure in Wasia overburden layer above the caprock is shown in Figure 3.22
for fractured zone at a distance of 200, 400, and 600 meters from the injection well. It can
be observed that the magnitude of the pore pressure reaches relatively higher values as

the fractured zone gets closer to the injection well.
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Figure 3.19 Carbon dioxide saturation in the reservoir (a) fractured caprock (b) non-
fractured caprock

66



(@)

Pressure (kPa)
22,627

0

20,439
18,250
16,062
— 13,873

1,000

Illllllllllllllllllll

—1 11,685
- 9,496

i 7,307
m 5,119

2,000

| I A 1] |

0 1,000 2,000 3,000 4,000 2,930

|IIIlIIIIllIIIIIIIlIlIlIIIIlII|lIIIIlIII]I

742
(b)

Pressure (kPa)
22,828

0

20,619
18,411
16,202
13,993

1,000

—— 11,785
1 9576

—{ 7,368
41
5,159

2,000

0 1,000 2,000 3,000 4,000 dal

|IIllllIIIlIIIIllllIlIIIIIIlllIIIIIIIIIlllII—

742
Figure 3.20 Reservoir pressure response during CO; injection (a) fractured caprock (b)
non-fractured caprock

67



26000

24000

22000

20000

13000

16000

14000

Matrix Pore Pressure (kPa)

12000

10000

26000

24000

16000

14000

Matrix Pore Pressure (kPa)

(@)

- AT 23 MPa
At 25 MPa

At 27 MPa

(8] 500 1000 1500 2000 2500 3000 3500
Time (days)
(b)
—— - At 23 MPa
At 25 MPa
At 27 MPa

4] 500 1000 1500 2000 2500 3000 3500

Time (days)

Figure 3.21 Pore pressure variation for 10-year injection period (a) fractured caprock (b)
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Figure 3.22 The pore pressure in Wasia overburden layer for a fractured zone spaced
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3.3.3.2 Ground uplift during CO; injection

The pore pressure increase will cause the deformation of the reservoir, thus causing
vertical ground uplift. The vertical ground displacement can be calculated from the
geomechanical module in CMG-GEM. For both cases of the fractured and non-fractured
caprock, the vertical ground displacement was calculated the 10-year injection period at
different injection pressures. In Figure 3.23, it can be seen that for the case of non
fractured caprock, the ground vertical displacement attains higher values just above the
injection point at the center of the reservoir. However, for the case of fractured caprock,
the ground vertical displacement is centered above the fractured zone. It is important to
state that the increase in the ground vertical displacement just above the fractured zone
helps in identifying the location of the fractured zone in the caprock. The effect of CO,

injection pressure is shown in Figure 3.24 for both cases of the fractured and non-
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fractured caprock. As expected, it can be seen that the vertical ground displacement
increases as the injection pressure increases.

There is a huge influence of fractured zone permeability on the amount of carbon dioxide
leakage to the overburden layers and consequently on the vertical ground uplift. To
evaluate the effect of fracture permeability on vertical ground displacement, a fracture
zone in the caprock at 200 meters was considered. The influence of the fractured zone
permeability on the vertical ground uplift is shown in Figure 3.25, in which the vertical
ground displacement above the fractured zone decreases as the permeability of the
fractured zone is decreased. Furthermore, one must examine the effect of the fracture
zone location in the caprock on the vertical ground displacement. Figure 3.26 displays the
vertical ground displacement for a fractured zone located at 200, 400, and 600 meters,

sequentially from the injection well. As noted earlier, the magnitude of the ground uplift

is higher when the fractured zone is closer to the injection well.
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Figure 3.25 Influence of fractured zone permeability on vertical ground uplift (a) 1
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3.3.3.3 Reservoir coupled stability analysis

In the modeling of CO, injection into Biyadh reservoir, a two-phase flow is considered
and the geomechanical analysis is invoked to calculate the corresponding deformation of
the reservoir. Figure 3.21, shows that the pore pressure buildup assumes higher values in
the case of the non-fractured caprock. The reservoir will fail if the pore pressure reaches a
critical value [30, 84]. However, in case of fractured caprock, the pressurized CO; is
leaked into the overburden layers, thus decreasing the value of the pore pressure.

The Mohr-Coulomb failure criterion is utilized to perform the coupled stability analysis
of the reservoir during CO; injection. As shown in Figure 3.21, the maximum pressure
buildup in the reservoir is recorded at the injection pressure of 27 MPa. The failure
envelope for Biyadh reservoir is shown in Figure 3.27 for both fractured and non-
fractured caprock structure. The dotted circle in Figure 3.27 shows the initial stressed
condition based on the initial pore pressure of 11.9 MPa, the minimum principle stress of
29.63 MPa and maximum principle stress of 37.04 MPa. After ten years of CO; injection,
the final stressed condition shown in Figure 3.27 indicates that the pressure buildup in the
case of fractured caprock is not high enough to cause the failure of the reservoir. This is
attributed to CO, leakage into the overburden layers, which limits the buildup of
pressure. Even for high values of pressure buildup during the case of non-fractured

caprock, the reservoir is still stable for the 10-year period of CO, injection.
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Figure 3.27 Stability of Biyadh reservoir during carbon dioxide injection

This chapter discussed various issues related to the injection of carbon dioxide into
single-porosity Biyadh sandstone reservoir with both the single and two-phase flow
through the reservoir. The next chapter will discuss the injection of carbon dioxide into
naturally fracture Ghawar carbonate reservoir with both single and two-phase flow

through the reservoir.
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CHAPTER 4

NUMERICAL MODELING OF CO, INJECTION INTO A
NATURALLY FRACTURED RESERVOIR

4.1  Overview of carbon dioxide injection into naturally fractured reservoir

This chapter starts with discussing the geomechanical modeling of the Ghawar naturally
fractured reservoir by considering only single-phase flow in the reservoir. The coupled
stability analysis was also performed for the naturally fractured reservoir. A sensitivity
analysis was performed in this study to find the critical input parameters. In the second
part of the chapter, carbon dioxide injection into the naturally fractured Ghawar reservoir
with water in the reservoir was modeled by considering two-phase flow in the reservoir.
The reservoir geomechanical and stability analyses were performed first for only
injection well in the system and then by considering both injection and production wells
in the system. Safe values for CO; injection in the Ghawar naturally fractured reservoir

were proposed based on the geomechanical and stability analyses.

4.2 Naturally fractured reservoir with single-phase flow

In the coming sections the process of carbon dioxide injection into the naturally fractured
reservoir is discussed. The Ghawar naturally fractured carbonate reservoir in Saudi
Arabia is considered as a case study and numerical modeling is performed for
geomechanical analysis of the reservoir. In this investigation, the COMSOL multi-
physics modeling software was utilized to couple the CO; flow in the naturally fractured
media and its corresponding mechanical impact on the reservoir. In this context, fully

coupled non-linear field equations are written to include the sorption-based deformation
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of carbonate reservoir during the injection of compressible fluid (CO,) to the sedimentary
reservoir. The current numerical modeling scheme considers the crucial role of the in situ
stresses and interaction between fracture and matrix in correctly estimating the
deformation and stress fields in the naturally fractured carbonate reservoir during CO,
injection. The change in the stress-displacement field within the reservoir due to the
injected compressible CO, has been addressed. Moreover, the present investigation
extends the previous studies by considering the sorption-based deformation during the
injection of the compressed CO, fluid into the naturally fractured carbonate reservoir.
The sorption-induced strains and the interaction between matrix and fractures have been
evaluated. Moreover, the Mohr-Coulomb failure criterion has been utilized to investigate
the stability of the reservoir during the coupled process of carbon dioxide injection into

the reservoir and the corresponding change in the stress field.

4.2.1 Governing equations for single-phase naturally fractured reservoir

The increase in the pore pressure during carbon dioxide injection causes a change in the
effective stresses of the naturally fractured reservoir. This increase in the pore pressure
causes a change in the fracture permeability. To include the effect of fractures in the
geomechanical formulation for a naturally fractured reservoir, the interaction between the
matrix and fracture should be taken into account. Numerical modeling is needed that can
relate the pressure build up at the reservoir to changes in the fracture parameters. For
naturally fractured reservoirs the mathematical modeling is very complex due to the fact
that flow is from two regimes, (i.e. from matrix and fractures [60]. According to Warren
and Root, the change in the fracture permeability can be due to the change in the

reservoir skeleton stress or it can be a function of the perturbation of the pore pressure.
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Hudson and Crampin (1996) [61], used higher-order perturbations in the elastic constants
to present a formulation for dual-porosity reservoirs with interconnected cracks. For
modeling the flow through the naturally fractured reservoirs, Wu et al. 2010 [103],
invoked the same basic assumption of Warren and Root (1963). The carbonate reservoir
is modeled by dividing the reservoir into matrix blocks separated by fractures. The
fracture aperture (b) and the matrix size (a) change as carbon dioxide is injected into the
reservoir, thus changing the reservoir’s permeability. The model used by Wu et al. 2010
is adopted in this study for the carbonate reservoir with sufficient different Langmuir
constants as given in Table 4.1. The carbonate reservoir is also a naturally fractured
reservoir like coal, which can be conceptualized as matrix blocks connected through

fractures.

4.2.1.1 Adsorption induced strain and interaction between matrix and fractures

The adsorption of carbon dioxide causes the swelling of the reservoir matrix. The
adsorption-induced strain is highly dependent on the matrix pore pressure. The increase
in the pore pressure causes the volumetric expansion of the reservoir, which causes a
volumetric strain in the reservoir. Volumetric and sorption induced strains are

respectively defined as [103]:

g = % + & (4.1)
_ €LPm
S pm+pL (4.2)
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The flow from the fractures to the matrix is a dynamic phenomenon, which depends on
the pressure difference between the fractures and matrix. The flow from the fractures to

the matrix is given by the following relation:
Flow from fractures to matrix = o(pf — Pm) (4.3)

Where o is a coefficient that takes into account the flow between fractures and matrix.

The term o is given as:
2 Kn
o = 8(1 + a_Z) T (44)

where k,, is the matrix permeability, a is the matrix element width, and p is the viscosity

of carbon dioxide.

4.2.1.2 Porosity and Permeability of matrix and fractures

The two main factors that affect the permeability and porosity of matrix and fractures are
the change in the effective stresses caused by the increase in pore pressure and adsorption
induced swelling of the reservoir matrix. The dynamic porosity model for the matrix can

be defined as [110]:

B = —= [(1 +S9) B + (S — So))] (4.5)
Where

S= 8V+F;<—“:—as (4.6)
S, = Bmo_ _“Lbmo_ 4.7
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The permeability can be related to the porosity using the following expression [111, 112]:
X _ (253
Upon substituting the porosity model in equation (4.8), the dynamic permeability model

for the matrix can be derived as:

Km

o (Q, (1+s) [B0(1 + So) + a(S — Sp)])? (4.9)

The subscript “0” is for the initial value of the variables. The porosity for the fracture

system is given as:
3b

The dynamic porosity of the fracture is defined as:

mO0

fo m_.mo0O
@¢ = Bgy exp[ ook’ _ ok K:e — (g — )] (4.11)

The cubic law can be used to find the fracture permeability as [113],

ka — — (412)

The dynamic permeability of the fracture system is defined as

f fo m 0

ke = Ky exp[:-;" o _ %t ;"e — (& — €] (4.13)
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4.2.1.3 Coupled field equations

The flow of the CO; in the sedimentary reservoir tends to increase the pore pressure in
matrix and fracture; thus causing a deformation of the reservoir, as well as a change in
the reservoir permeability. The increase in the pore pressure will also cause a change in
the horizontal stresses in the reservoir. The coupled field equations of the carbon dioxide

flow and the reservoir deformations can be written as [103],

G 6L .
Guj + T30 Ukki ~ @ Pmi — Bpsi — ﬁpml + fi=0 (4.14)

Equation (4.14) shows the dependence of the displacement components along the three
Cartesian axes on the change of the reservoir pore pressure, which is associated with the
carbon dioxide flow. The equations for the CO; flow through the sedimentary reservoir

are given by

VipL (@=@m)Pm (a—Qm)prmﬁL] 9pm + (_k_m ) _
[Qm + pgapc (Pm +p1.)? + (145)K; (14S8)(pm +p1)?] ot v. n PmV-Pm ) =

(0=0Bm)Pm aﬁ

(1+s) ot (4.15)

© (Pr — Pm) —
By 0 m 0Pm k
?¢ (1 + B ) pf - O¢ (w (s;i—p?)z) gt +V. (—fpfv- pf) = —o (pf— Pm) —

9 (k- kk)
PPt (— - L) ot (4.16)

The porosity and permeability of the matrix and fractures change dynamically with the
change in pore pressure [110-112]. In this analysis, the cubic law is utilized to find the

dynamic fracture permeability.
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4.2.2 Modeling scheme in COMSOL multiphysics

The equation-based modeling scheme in COMSOL Multiphysics software has been
utilized for the determination of the pressures in matrix and fractures, displacement
components, and the corresponding change in the permeability. In the following sections,
we explain the detailed modeling scheme for the carbonate reservoir during CO,

injection.

4.2.2.1 Model description and input parameters

The location of Arab Jubaila carbonate reservoir and the various overburden and under
burden layers are shown in Figure 3.1. Using the available geological data [70], a
simulation model of CO; injection into the Arab Jubaila limestone reservoir was
constructed as shown in Figure 4.1. The location of the injection well is at the center of
the model as shown in Figure 4.1.

The model has 6548 domain elements with 53,060 degrees of freedom;
comprising four independent variables at each node. The independent variables are two
displacement components and two pressures (in matrix and fractures). Appropriate
boundary conditions are applied to this coupled rock deformation and carbon dioxide
flow problem. The in situ stresses are applied to the model. All the boundaries have no
flow condition except the injection well. At the injection well the gas entry pressure is set
with a constant value of 30 MPa, which can be changed to study the effect of injection
pressure variation on injection well stability. The formation properties and various input
parameters are listed in Table 4.1, [70, 72, 104-107]. In the current study CO, was
injected over a period of five years into a reservoir of length equal to 3,000 meters and

width equal to 2,000 meters.
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Figure 4.1 Simulation model for the Ghawar Arab-D carbonate petroleum reservoir
undergoing CO; injection

Table 4.1 Formation properties for the simulation of CO, injection in the reservoir ([70,
72, 104-107])

Model Parameter For Reservoir
Rock Density, p(Kg/m?) 2400
Young’s Modulus, E (GPa) 48.5
Bulk Modulus, K (GPa) 39.24
Shear Modulus, G (GPa) 18.1
Initial porosity, @, 0.13
Initial permeability, ky, (10™ m?) 0.6
Biot Coefficient, o 0.8
Dynamic Viscosity, p(10~°Pa.s) 1.84
Pressure wave velocity, Vp (m/sec) 5140
Shear wave velocity, Vs (m/sec) 2748
Poisson’s ratio (v) 0.30
Langmuir value for pressure, P (MPa) 4.1
Langmuir value for volume, V| (m*/kg) 0.01
Langmuir value for volumetric strain, g_ 0.02
Fracture aperture, b0 (m) 10™
Matrix size, a0 (m) 0.01
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4.2.2.2 Stress regime and pre-stressing of the model

Ghawar oil field is under compressive stress regime as stated by the World stress map
[74]. The principal stress direction is compressive, and therefore tends to
develop  compressive pre-stresses in the  Ghawar  structure [62].
The pre-stresses in the reservoir structure are due to the gravitational effect and due to the
tectonic effects in the 3-dimensional space [76-78]. The three principal directions for the
pre-stresses considered are one vertical, and two horizontal directions. For the
compressive stress regime, the relationship between these three stresses is given as,
oy > oy, > o,. As the depth increases, the vertical stresses increase due to the weight of

the overburden layers. The vertical stress at any depth d is given by

o, = [y pgdz (4.17)

For the compressional stress regime, the maximum horizontal stress (oy) is the maximum
principal stress (1), where 6; = oy = 1.250,. The intermediate principal stress (o;) is
the minimum horizontal stress (o},), wheres, = o, = 1.16,. The minimum principal
stress is given by the vertical stress (o,). The initial maximum and minimum principal

stresses are equal to 46.20 MPa and 36.96 MPa, respectively.

4.2.3 Discussion of results

4.2.3.1 Injection pressure variation
The injection pressure is a key factor during the whole injection process, which controls
the infiltration of the injected fluids into the porous reservoir matrix. As the injection

pressure increases the pore pressure increases. Therefore, it is necessary to estimate the
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safe values for the injection pressure that define the sustainable pore fluid pressures. In
the present simulation, the injection pressure for the selected Ghawar carbonate reservoir
is varied over the range 30-33 MPa. The simulations are performed using the injection
parameters given in Tables 4.1. The spread of carbon dioxide and the corresponding
pressure variation are shown in Figure 4.2 for the different periods of injection, wherein
the pore pressure increases rapidly during the first three years of carbon dioxide injection
and then the rate increases at a slower pace after three years. During the five years of
injection, carbon dioxide spreads along the reservoir as shown in Figure 4.2. Since the
injection pressure is set at a higher value than the initial pore pressure to facilitate the
flow of carbon dioxide into the reservoir, it becomes necessary to evaluate the maximum
value of the injection pressure that corresponds to sustainable pore pressures, as
explained in the sub-section 4.2.3.2.

The change in volumetric strain in the reservoir is dependent on the change in the
effective stresses and sorption-induced strain, which are functions of the matrix pore
pressure. The volumetric strain was calculated for various injection pressures and for
different periods of injection, as depicted in Figure 4.3. Initially the reservoir is under
compression and as the matrix pore pressure increases, the effective stresses starts to
decrease and the adsorption induced swelling of the matrix increases. The end effect is an
expansion of the reservoir due to the adsorption-induced strains and due to the decrease
of the effective stresses with carbon dioxide injection.

One of the key parameters that need to be evaluated after carbon dioxide injection
into the reservoir is the change in the permeability of the matrix and fractures, which is

highly dependent on the pore pressure change as well as the injection pressure. Moreover,
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the adsorption-induced strain affects the value of the permeability. The pressure variation
in matrix for a five-year injection period at various injection pressures, and the change in
the matrix permeability at various periods of CO; injection and with the variation of the
matrix pore pressure are shown in Figure 4.4. The permeability of the matrix, for this
specific case of carbon dioxide injection increased rapidly at the beginning due to the
rapid increase in the matrix pore pressure and the corresponding decrease in the effective
stresses; yet with the passage of time, the adsorption induced strains tend to slow down
the rate of increase of the permeability. For the five-year injection period, the
permeability became almost constant after five years of injection and it start to decrease
as the injection period increase. It has been also noted that the adsorption-induced
decrease in the permeability is more at higher injection pressures. Moreover, the increase
in the matrix pore pressure with carbon dioxide injection causes an increase in the matrix
permeability but with the passage of time the adsorption-induced swelling of the matrix
causes a decrease in the matrix permeability.

Now, the permeability of the fractures is evaluated. To this end, the pressure
variation in fracture for a five-year injection period at various injection pressures, and the
change in the facture permeability at various periods of CO; injection and with the
variation of the fracture pore pressure are shown in Figure 4.5. As compared to the
single-porosity medium, the naturally fractured medium; e.g. carbonate reservoir, will
also experience pressure variation in the fractures as carbon dioxide injection goes on
with time. The pressure variation in the fractures tends to change the permeability of
fractures as time passes. The permeability of the fracture, for this specific case of carbon

dioxide injection, increased rapidly at the beginning due to the rapid increase in the
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fracture pore pressure and the corresponding decrease in the effective stresses; yet with
the passage of time, the adsorption induced strains in the matrix tend to slow down the
rate of increase of the permeability and with the passage of time the fracture permeability
starts to decrease. As demonstrated by the results, the increase in the fracture pore
pressure with carbon dioxide injection causes an increase in the fracture permeability but
with the passage of time the adsorption induced swelling of the matrix causes a decrease

in the fracture permeability.
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Figure 4.2 The spread of carbon dioxide and the corresponding pressure variation for
various periods of injection (a) After two years (b) After three years (c) After four years
(d) After five years
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Figure 4.5 (a) Fracture pore pressure for five years of CO; injection period at various
injection pressures (b) Fracture permeability for various periods of CO; injection at with

various injection pressures (c) Variation of fracture permeability with fracture pore for
various period of CO, injection

4.2.3.2 Critical pore-pressure based on the Mohr-Coulomb failure criterion

The maximum sustainable pore pressure is defined as the maximum value of pressure
that can be applied to the reservoir without any irreversible geomechanical changes such
as reservoir structure failure or reactivation of fractures [82, 83]. The stability of the
carbonate reservoir in the compressional stress regime is explained below using the
Mohr-Coulomb failure criterion. Using the two-parameter Mohr-Coulomb criterion [30],
the failure envelope was drawn for the reservoir and presented in Figure 4.6. The
effective normal stresses increase during the reservoir pressure depletion and can cause
failure of the reservoir due to the inelastic compaction of the porous matrix. Similarly a

decrease in the magnitude of the effective normal stresses may lead to the reservoir
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failure if the decrease in the effective normal stress is such that it causes a slip at the fault
plane [30].

The stability analysis in Figure 4.6 also takes into account the change in the
horizontal stresses due to pore pressure buildup. As the pore pressure is increased it
increases the horizontal stresses in the reservoir due to the coupled poroelastic effects.
The Mohr’s circle diagram of Figure 4.6 shows that as the pore pressure is increased the
Mohr’s circle becomes larger due to the increase in the horizontal stress and thus the
reservoir moves towards the failure envelope. Apparently, as the pore pressure increases
to 26.35 MPa, the stress state in the reservoir starts to move towards the failure line, yet

the reservoir remains stable at the current injection scenario.

Intact Rock Failure

Increase in Pore
Fluid Pressure

=cegR i —

Shear Stress (MPa)

™~

f=]

10.861 25.96Y26.87 35.20

Effective Normal Stress (MPa)

Figure 4.6 Effect of pore pressure variation on the stability of the carbonate reservoir in
compressional stress regime
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4.2.3.3 Maximum occupancy of the carbonate reservoir

Now, let us calculate the maximum occupancy of the carbonate reservoir. The maximum
occupancy of the reservoir was calculated for the injection parameters and injection
period considered in this investigation. For the selected reservoir dimensions, the initial
pore volume is 1.6926 X 10°m3. CO, is injected at a depth of 1750 meters below the
ground level. At this depth and at the reservoir initial pressure, the formation volume
factor is 0.00275 m*/m® [86]. The volume of injected CO, at the ground level is
2.5252 X 10°m3 and at the reservoir conditions is 6.94 X 10°m?3; that is occupancy of
0.41% of the available pore volume, which shows that a very small volume of the
reservoir is occupied during the five-year injection period. It can be concluded that the
carbonate reservoir under the compressional stress regime can safely handle the injection
CO; through the vertical injection well for an injection period of 5 years. The expected
occupancy is 0.41% for the 5 years of injection, which is much less than the maximum

occupancy value 3% for reservoirs under the current conditions [30, 87, 88].

4.2.3.4 Model sensitivity analysis

The increase of pore pressure beyond a critical value causes a decrease in the effective
stresses, which lead to reservoir failure. A sensitivity analysis is performed to evaluate
the sensitivity of the pore pressure to the input parameters of the model. During the
sensitivity analysis, the normalized sensitivity coefficients have been calculated for the
given model parameters. The normalized sensitivity coefficients (NSCs) are used to
evaluate the model sensitivity to each model parameter and specify those model
parameters to which the model has high sensitivity [114]. Equation (4.18) can be used to

find the normalized sensitivity coefficients, where Y is the nominal value for the model
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output at a nominal input model parameter X;. The variation AYis the change in the model
output function with a change of AX; in the input model parameter X;. The maximum pore
pressure after carbon dioxide injection is considered as the function Y, while X; represent
the input model parameters (Modulus of elasticity, initial reservoir matrix permeability,
reservoir matrix porosity, Poisson’s ratio, and poroelastic constant). The results of the
sensitivity analysis are summarized in Table 4.2, wherein the value X+ and X-
correspond to +£10% variations, respectively, in the base-value of the input parameter X,
while Y+ and Y- show the corresponding values of the output function Y.

The sensitivity analysis has been performed for the input parameters whose values
have a greater probability of uncertainty. In this context, the greater the value of NSC for
an input parameter, the more sensitive is the model output to that input. As demonstrated
in Table 4.2, the calculated value of the pore pressure during carbon dioxide injection is
more sensitive to the following input parameters: the initial reservoir permeability, initial
reservoir porosity and the poroelastic coefficient. The output values for the pore pressure
are tabulated in Table 4.2 for the £10% variations in the base-values of the dominating
input parameters, wherein the corresponding variations in the output pressure values AY;
are found to be less than 36.96 MPa (Lithostatic pressure). Accordingly, the probable
uncertainty in the input model parameters will not compromise the obtained results
pertinent to the stability of the reservoir during carbon dioxide injection; thus attesting to

the reliability of the model predictions and the consequent conclusions.

NSC, = %% (4.18)
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Table 4.2 Normalized sensitivity analysis results for the model

Parameter X X+ X- Y+ Y- AX; AY; | NSC;
Initial reservoir matrix | 0.6 | 0.66 | 0.54 | 24.46 | 30.23 | 0.12 | 5.77 | 1.094
permeability E6 E6 E6

(km, mDarcy)

Poisson’s ratio (v) 03| 033|027 | 2711 | 2596 | 0.06 | 1.15 |0.218

E6 E6 E6
Initial reservoir matrix | 0.13 | 0.143 | 0.117 | 25.25 | 28,55 | 0.026 | 3.3 | 0.626
porosity E6 E6 E6
(D)

Modulus of Elasticity | 48.5 |53.35|43.65| 2555 | 27.29 9.7 1.74 | 0.330
(E, GPa) E6 E6 E6 E6
Poroelastic constant (a) | 0.8 | 0.88 | 0.72 | 27.44 | 2448 | 0.16 | 2.96 | 0.561

E6 E6 E6

3.2.3.5 \Validation

In order to validate the dual poroelastic modeling in COMSOL multiphysics, carbon
dioxide injection into a naturally fractured medium was simulated. In this case, the
model is two-dimensional with pressures in the matrix and factures, while the
displacement components along x-axis and y-axis are treated as dependent variables. The
governing equations for the naturally fractured medium are utilized to perform the
equation-based modeling in COMSOL multiphysics with the corresponding Neumann
and Dirichlet boundary conditions defined on the boundaries. The ratio of the horizontal
in situ stresses is kept at 1.5. At the injection well, the pressure is kept at 8 MPa and all
other surfaces are free of any flow conditions. The input properties for the model are
listed in Table 4.3. The simulation model for the fractured medium and the pore pressures
variations are shown in Figure 4.7. The pore pressure variations are in good agreement
with the reported simulation results available in the literature [103], thus validating the

modeling scheme adopted in this investigation.
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Table 4.3 Various input parameters for the simulation of CO; into fractured medium

[103]
Parameter Value
Young’s modulus of the fractured medium, E (MPa) 2713
Young’s modulus of the fractured medium grain, Es (MPa) 8143
Density of COs,, Py (kg/m°) at standard condition 1.98
Viscosity of CO,, u (Pas) 1.84 X 10°
Langmuir value for pressure, P (MPa) 6.10900
Langmuir value for volume, V| (m*/kg) 0.01500
Langmuir value for volumetric strain, g, 0.02295
Initial porosity of matrix, @, 0.02
Initial permeability of matrix, kmg (m?) 10®
Fracture aperture, by (m) 1x10°"
Matrix size, agp (M) 0.01
Lateral stress ratio, A 1.5
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Figure 4.7 (a) Simulation model for carbon dioxide injection into naturally fractures
reservoir (b) Change of matrix pore pressure with distance along the diagonal (c) Change
of fracture pore pressure with distance along the diagonal

In the next portion of the chapter carbon dioxide flow is considered in naturally fractured
reservoir with water as a base fluid. The magnitudes of the pore pressure buildup and

ground uplift will be different from the case of single-phase flow.

Naturally fractured reservoir with two-phase flow

In this section of the chapter, two-phase fully coupled geomechanical analysis is

performed using CMG-GEM software to evaluate the safe CO, injection parameters for
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the Ghawar sequestration site in Saudi Arabia. With two-phase flow in the naturally
fractured reservoir, the change in the permeability, stresses, ground uplift and pressure is
evaluated. In the first part of the section 4.3, CO, was injected into the naturally fractured
reservoir with the injection well at the reservoir center. Huge increase in the reservoir
pore pressure and ground uplift was noted in this specific case. In the second part of
section 4.3, CO, was injected at an injection well at the center of the reservoir and water
production takes place at a production well at a specific distance from the injection well.
Using this strategy the pressure increase was less because the increase in the reservoir
pressure due to CO, injection was mostly accommodated by the decrease of reservoir
pressure due to water production at the production well. The reservoir pore pressure and
also the ground uplift were monitored for various periods of carbon dioxide injection and
at various injection pressures. Finally for the various injection scenarios in the current
study stability analysis is performed for the reservoir to have maximum reservoir

stability.

4.3.1 Mathematical formulation for flow and deformation during CO; injection

The Ghawar Arab-D reservoir used in this study for carbon dioxide sequestration is a
naturally fractured reservoir. The change in the fracture permeability during carbon
dioxide injection should be modeled during the coupled geomechanical analysis for the
reservoir because fractures are the main channels for fluid flow in naturally fractured
reservoirs [60, 61, 103, 115-117]. The iterative (two-way) coupling procedure is used by
CMG-GEM for the coupling of two-phase flow and reservoir deformation. To model the
naturally fractured reservoir in CMG-GEM two systems of grid are used. A primary grid

is used for the matrix and a secondary grid system is used for the fractures such that the
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two grid systems are related on one to one basis. The fracture permeability is a key factor,
which controls the fluid flow along the reservoir or the leakage of the stored fluid through
the fractured caprock. CMG-GEM uses Barton-Bandis model to calculate change in
fracture permeability with carbon dioxide injection into the reservoir [118-122]. For the
naturally fractured reservoir the governing equations for the two-phase flow through the
reservoir matrix and fractures, deformation of the reservoir matrix, and the change in the

fracture permeability is discussed in the following sections.

4.3.1.1 Two-phase flow in naturally fractured reservoir

The multiphase flow simulator in CMG-GEM considers the naturally fractured reservoir
as a combination of two mediums, a matrix system separated by orthogonal fractures in
three dimensions. At each node of the reservoir the pressures, saturations, and
composition of each phase is calculated. The dual-permeability condition is considered in
the reservoir to allow the fluid to transfer between the matrix blocks. The shape factor
used in this study is based on the work of Gilman and Kazemi. The fluid transfer between
the matrix and fracture is based on the Pseudo-capillary pressure model with corrections
to contact areas between phases [92, 118-122]. The dual-permeability formulation for the

matrix blocks in the naturally fractured reservoir is defined as [92, 119]:
Vim = ATomYiom (Ap™*" - v3AD) +

ATS ve  (Ap™*1 + Aps . - vSAD
ng1gm ( p pcog Yg )m

V .
_Tiomf - Tigmf - A_t (Nln-l'l — Nln)m = O 1 = 1’ ____’nc (419)
\Vnc+ 1m ATVSVm (Apn+1 - Apzwo - Y\SNAD)m +
\%
~Twmt ~ 37 (Na ¥ = Niy)m = 0 (4.20)
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Equations 4.19 and 4.20 discuss the flow of carbon dioxide in the matrix blocks of the
naturally fractured medium. The term Tj is the transmissibility of phase j. Where j =
water or carbon dioxide in the current study. The term y;; denotes the mole fraction of

component i in phase j. The symbol p represents the value of the pore pressure. Y; is the

specific gravity of the phase j. D denotes depth in gravity direction. T denotes the matrix-
fracture transfer. V denotes the grid block volume. t denotes the time. N; represents moles
of component | per unit block volume V.

The dual-permeability formulation for the fractures in the naturally fractured reservoir is

defined as [92, 119]:

Wi = ATk (8™ = 15AD), + ATgyie (Ap™! + Bpkoy - 7;AD),

+ @~ Tomt = Tgmt — 3 (N = N =0 i=1,...n (4.21)
Vooi1r = AToe (Ap"*! = Aplwo — v,AD), +

+ QU+ Ty — 5 (NB = N2 ) =0 (4.22)
Vor = T N — O (poSo + pgSg + puwSw)FT =0 (4.23)

The term q represents the injection/production rate. p; denotes the density of the phase j
and S;denotes the saturation of phase j. The superscript n is for the old time interval and
n+1 is for the new time interval. The subscripts i is used for addressing component, j is
used for phase, g is used for gas, w is used for water, m is used for matrix and f is used
for fracture.

The fluid transfer between matrix and fractures considers both the capillary pressure
effect and matrix-fracture fluid transfer contact area corrections. The fluid transfer
between matrix and fractures is given as [92, 119]:
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kro [0}
Tomf = EV ll_f (pom - pof) (424)

ke , (1 i i
&V == (Pom — Por) + [Sem + 2 (3= Sy )| Beogn — Peog.) (4.25)

T
gmf 3

Twmf = EV kr‘:% {(pom - pof) - (pcwo,m - pcwo,f) - (%%Z) [(ﬁcwo ,m f)cwo ,f) -

(pcwo m Pcwo ,f)]} (426)

Where k, is the relative permeability, y; is the viscosity of the fluid j, p denotes the

capillary pressure and € is the shape factor. The shape factor used in this study is based

on the study of Gilman and Kazemi and is defined as [92, 119, 123]:

Shape factor = § =4 (Liz + L4 1) (4.27)

Where L, , L, , and L, denotes the fracture spacing along x-axis, y-axis, and z-axis

respectively.

4.3.1.2 Deformation of the naturally fractured reservoir

As carbon dioxide is injected to the naturally fractured reservoir, the pore pressure
increases, which causes the deformation of the reservoir. The pressure induced
deformation of the reservoir causes stresses in the reservoir matrix. The change in the
matrix stresses causes a change in the normal fracture effective stress, which changes the
permeability of the fracture after each time step. New values of strains can be calculated
from the current values of displacement along the three axes using the strain

displacement relationship [98]:

1
Eij = E(ui‘]‘ + u]"i) (428)
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Where g; is the strain tensor, and u; ; represents the displacement components. The strain

values calculated from equation (4.28) can be used in the constitutive equation to find the

values of the stresses [99-102]:

2G
Gij = ZGEi]' + (K - ?) SkkSij + O(pSij (429)

Where o;; is the stress tensor, G is the shear modulus for the reservoir, K is the reservoir

bulk modulus, & represents addition of the diagonal strains in the strain tensor, §;; is the

Kronecker delta, and a is the Biot’s coefficient.
Once we have the new values of pore-pressure and total stresses, the effective stresses in
the reservoir can easily be calculated. The effective stresses in the reservoir are affected

when the pore pressure is increase with carbon dioxide injection and is defined as:

’

Oji = Oj — O(p51- (430)
] ] ]

Where ci]-' represents the values of the effective stresses. The values of effective stresses

calculated from equation (4.30) can be used for the stability analysis of the reservoir.

4.3.1.3 Barton-Bandis model for fracture permeability

The Barton-Bandis model is explained in detail in section 3.3.1.3. Only the equations are
listed in this section. Using the Barton-Bandis model the fractures permeability can be
calculated from the normal fracture effective stress. During the iterative coupling
procedure the new value of the permeability at each time interval is calculated using the

following equation [119, 120, 122]:

ke = ke (e/e5)* (4.31)
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where, k¢ is the fracture permeability and k¢, is the fracture closure permeability,

e= e, — V, (4.32)
— On’
Vi = ovon /v (4.33)
ke \1/4
Vin = € [1— (ﬁ) ] (4.34)

Where, e, is the fracture opening at the start of simulation, V,, is the minimum fracture
opening and e is the new value of fracture opening after each time step. The term V;
defines the effective normal fracture stress to fracture stiffness ratio. k,; is the initial

normal fracture stiffness and kg, is the initial fracture permeability.

4.3.2 Modeling scheme in CMG-GEM

The multiphase flow simulator CMG-GEM is used in this part of the study for modeling
carbon dioxide injection into the naturally fractured carbonate reservoir with water as the
local fluid before carbon dioxide injection. CMG-GEM will evaluate the pore pressure
increase in reservoir matrix and fractures and the change in fracture permeability due to
COs; injection into the reservoir. The detailed modeling scheme, which is utilized for the
determination of the pressure response, the vertical ground uplift, and the change in the
fractures permeability due to CO, injection, is explained in this section.

For building a 3 Dimension layered model for Arab Jubaila carbonate reservoir, the
location and depths of the various overburden and under burden layers are needed. Using
the available geological data [70] as shown in Figure 3.1, a 3 Dimension layered models
for Arab Jubaila carbonate reservoir was constructed in CMG-GEM for the two main
cases in this study. As shown in Figure 4.8 (a) a 3 D layered model will be used to inject
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CO; with a single injection well at the reservoir center and in Figure 4.8 (b) the 3 D
layered model will be used to inject CO, at an injection well at one side of the reservoir
and to produce water with a production well at the opposite side of the reservoir. The 3
dimension layered models in Figure 4.8, has one under burden layer, a caprock above the
Arab Jubaila carbonate reservoir layer, and eight overburden layers.

The dual-permeability modeling is performed for the Arab Jubaila carbonate
reservoir in CMG-GEM. The Barton-Bandis model is used to calculate changes in
fracture permeability with CO; injection into the reservoir. In this study the Gilman and
Kazemi style of formulation is used to describe the flow between the matrix and fractures
of the reservoir. As shown in Figure 4.8, the mesh size in the injection reservoir is refined
to facilitate the accurate dual-permeability modeling. The Cartesian grid type is used with
a total of 12,000 grid blocks. On each grid block the values of pore pressure and
displacements will be computed at each time interval. Carbon dioxide is injected at an air
entry pressure of 30 MPa for a time period of 5 years. Boundary conditions are applied to
the model with the bottom and side boundaries with roller conditions and the top surface
is free to move in the vertical direction. In the geomechanical section of CMG-GEM
initial stresses were applied to the model. For the dual-permeability modeling in CMG-
GEM, the various input parameters needed are listed in Table 4.4 [70, 72, 104-107]. In
this portion of the study carbon dioxide is injected into a naturally fractured carbonate
reservoir. The target reservoir is saturated with water so injected carbon dioxide will
displace the water in the pores and tends to increase the gas saturation near the injection

well. The relative permeability curves selected for use in this numerical study is for the
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carbon dioxide injection into the carbonate reservoir under the similar reservoir pressure,

temperature, and brine salinity conditions [108, 109].
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Figure 4.8 (a) Layered model for Arab Jubaila carbonate reservoir with a single injection
well at the reservoir center (b) Layered model with CO; injection well at one side of the
reservoir and producer well at the opposite side of the reservoir

110



Table 4.4 Various input parameters for the dual-permeability modeling of Arab Jubaila

carbonate reservoir [70, 72, 104-107]

Property

Hofuf
Dam
Hadru
kh

Damma

Rus

UmEr
Radhu
ma

Aru
ma

Wasi
a

Shuai
ba

Biyad
h
Sulay

Hith
Anhydri
te

Arab
Jubai
la

Hanif
a
Tuwai
q

Layer
thickness

(m)

150

200

90

250

160

230

100

320

100

170

400

Grid top
(m)

150

350

440

690

850

1080

1180

1500

1600

1770

Rock
Density,

p(Kg/m3)

1877

2289

2280

2020

2090

2270

2030

2360

2960

2400

2550

Young’s
Modulus, E
(GPa)

21.43

37.25

21

15.6

27.84

18.1

44.7

42.67

48.5

57.43

Bulk
Modulus, K
(GPa)

2.83

11.47

22.8

11.67

7.8

9.82

9.13

25.7

38.2

39.24

53.96

Shear
Modulus, G
(GPa)

2.6

8.004

13.91

7.83

5.828

10.4

6.65

17.2

15.932

18.1

21.45

Initial
porosity,
Dy

0.2

0.2

0.28

0.24

0.17

0.29

0.09

0.12

0.01

0.13

0.10

Initial
permeabilit
y, km (10"
m?)

0.2

0.02

0.25

0.01

0.15

0.2

0.025

0.7

0.00001

0.6

0.2

Pressure
wave
velocity, Vp
(m/sec)

1835

3110

4260

3310

2730

3230

3010

4040

4480

5140

5690

Shear wave
velocity, Vs
(m/sec)

1180

1870

2470

1970

1670

2140

1810

2700

2320

2748

2900

4.3.3 Numerical modeling results and discussions

4.3.3.1 Reservoir pressure response with CO; injection

The injection of carbon dioxide into the naturally fractured carbonate Ghawar reservoir

will increase the pore pressure and decrease the effective stresses in the reservoir. The

excessive increase in the pore pressure during carbon dioxide injection can cause the

failure of the reservoir. The injection of carbon dioxide at high injection pressures will

tends to increase the pore pressure of the reservoir, which initiates the necessity of

alternative strategies used for keeping the pore pressure below the critical limit. In order
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to avoid the excessive increase in the pore pressure during carbon dioxide injection, the
strategy used in this study is to use a production well for water production in combination
with the carbon dioxide injection well. Removal of the water from the reservoir will tends
to lower the reservoir pressure and will provide a potential for the transport of carbon
dioxide along the reservoir. Two different injection scenarios are used with production
well in the system. During the first case carbon dioxide injection and water production
takes place simultaneously for five years. In the second case carbon dioxide was injected
for 3 years with the injection well and then the injection of carbon dioxide was stopped
and water production was performed for 3 years. At last the water production was
stopped and carbon dioxide was injection for 2 years.

The transport of carbon dioxide in the reservoir is a big issue and requires a high
pressure potential in the reservoir. The carbon dioxide saturation plots is in Figure 4.9,
which shows that with production well in the system, the potential to carbon dioxide flow
is high towards the production well. Adding a production well to the carbon dioxide
injection and sequestration process tends to decrease the overall pore pressure. It can be
seen from Figure 4.10, that the magnitude of pore pressure after five years of carbon
dioxide injection is high for injection process with only injection well and no production
well. When carbon dioxide injection and water production was carried out simultaneously
for five years, the net effect was that the maximum value of the pore pressures was
reduced but due to the production process, pressure depletion occurred near the
production well. The effect of pressure depletion near the production well will also affect

the vertical ground displacements and reservoir stability.
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To minimize the pressure depletion another new strategy was followed, in which
carbon dioxide was injection for 3 years with no water production during this period.
After 3 years, the injection process was stopped and water was produced for 3 years.
After 3 years of water production, carbon dioxide was again injected for 2 years. In this
strategy the overall injection period of carbon dioxide was 5 years with 3 years of water
production. The reservoir pore pressure for both injection strategies of the case of
combine injection and production wells is shown in Figure 4.10. It can be seen from
Figure 4.10, that the maximum pore pressure value is reduced when water production
takes place, but minimum pressure depletion is with the case when water production
takes place separately from the carbon dioxide injection.

The pore pressure variation with time is shown in Figure 4.11 for the cases of
single injection well and combined injection and production wells. During the case of
single injection well the pore pressure increases continuously to a maximum value till the
end of injection period. During the case of simultaneous injection and production process
the pore pressure increases continuously but the maximum value is less than that of the
case of single injection well. During the case when carbon dioxide injection and water
production was carried out in series, the output pressure response shows an increase in
the pore pressure during the first 3 years of carbon dioxide injection, followed by a
pressure reduction during the 3 years of water production, and at the end again an
increase in the pressure during the last 2 years of carbon dioxide injection. At the end of
the process the final value of the pore pressure is minimum compared to the other

injection scenarios.
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The bottom hole pressure and location of the production well has great influence
on the magnitude of pore pressure in the reservoir. To see the influence of the production
well location on the magnitude of the pore pressure, the production well was place at
three different locations. The influence of the production well location on the pore
pressure is shown in Figure 4.12. It can be seen from Figure 4.12 that when the
production well was placed at a distance of 1000 meters from the injection well, the value
of the maximum pore pressure was the lowest as compared to the pore pressure values
with other two locations of the production well. Placing the production well closer to the
injection well reduces the pressure buildup by providing a flow potential for the carbon
dioxide by removing water from the reservoir. Even with the nearest location of the
production well, the CO, saturation plots shows that the injected carbon dioxide will not
release with the water production. The reason of not placing the production well nearer
from 1000 meters is that the injected carbon dioxide will be mixed with the water and
will be pumped out with the produced water. When production well is near to the
injection well, the magnitude of the pore pressure decreases but as the production well is
moved away from the injection well, the magnitude of the pore pressure is increased.

To see the influence of the production well bottom hole pressure on the
magnitude of the pore pressure in the reservoir, water was produced at 3 different bottom
hole pressures. The influence of the bottom hole pressure on the magnitude of the pore
pressure in the reservoir is shown in Figure 4.13. As shown in Figure 4.13, the lower the
bottom hole pressure, the lower is the magnitude of the pore pressure in the reservoir and
vice versa. The lower value of the bottom hole pressure corresponds to a high value of

pumping potential for the water at the production well and thus creates a high potential
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for the carbon dioxide flow towards the production well. The high flow of carbon dioxide
prevents the pressure buildup in the reservoir and thus results in lower magnitude of pore
pressure in the reservoir.

The injection of carbon dioxide and the production of water from the reservoir
cause changes in the pore pressure and in the effective stresses on the reservoir. As
shown in Figure 4.14 & 4.15, the maximum decrease in the effective stresses is near the
injection well for only injection well in the system. For the cases of combined injection
and production, the value of the effective stresses increases near the production well. The
variations in the minimum and maximum horizontal stresses during carbon dioxide
injection and water production are shown in Figure 4.16 & 4.17 for the corresponding
injection and production periods. As shown in Figure 4.16 & 4.17, as the pore pressure
increases during the injection of carbon dioxide, the magnitudes of the horizontal stresses

are decreased.
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Figure 4.9 Carbon dioxide saturation in the reservoir (a) With only injection well (b) with

both injection and production wells
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Figure 4.10 Magnitude of pore pressure after CO; injection (a) With only injection well
(b) with simultaneous injection and production (c) with water production in series with
CO; injection
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Figure 4.11 Pore pressure variation during CO; injection for 5 years of injection period at
various injection pressures (a) With only injection well (b) with simultaneous injection
and production (c) with water production in series with CO, injection
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Figure 4.12 Influence of the production well location on the reservoir pore pressure (a)
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well placed at a distance of 1200 meters from the injection well (c) production well
placed at a distance of 1400 meters

120



Pressure (kPa)

o —

7] 27,000
25,750
24,500
23,250
22,000
20,750

Il

19,500

18,250

17,000

15,750

14,500

Pressure (kPa)

o —

i 27,000
g 25,750
- 24,500
- 23,250

o 22,000

2.
/.

-1,000

20,750

19,500
18,250

Il

17,000

15,750
2
2.-— 14,500

121



(©)

Pressure (kPa)
o —

27,000
25,750
24,500
23,250
22,000
20,750

£ |

Y
1/
1]
'y
)
N

@
SFELLE
1,000

19,500
18,250
17,000
15,750

-2,000

II(|IIIII|III|IIIIIIIII

14,500

0 1,000 2,000 3,000
Lo g e gq Gl 555 gRegadga | paei g gy

Figure 4.13 Influence of the bottom hole pressure of the production well on the
magnitude of the pore pressure in the reservoir (a) Bottom hole pressure of 1000 Pa (b)
Bottom hole pressure of 2000 Pa (c) Bottom hole pressure of 3000 Pa
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Figure 4.14 Changes in the minimum horizontal stress on the reservoir during carbon
dioxide injection (a) With only injection well (b) with simultaneous injection and
production (c) with water production in series with CO, injection

123



(@)

Maximum
Horizontal
Stress (kPa)

50,1589

49,091

48,023

-46,955

45,888

44,820

43,752

42 684

41,616

40,548

39480

Maximum
Horizontal
= — Stress (kPa)

o 50,159

& 49,091

1 48,023
i 46.955
|

45,888

44,820

43,752
42,684

41,616

40,548

39,480

124



(©)

Maximum
Horizontal
Stress (kPa)

50,159

0

49,091

48,023

46,955

45,888

-1,000

44,820

43,752

42,684

41,616

40,548

-2,000

IIIIII|III[II|IIIIIIIII|

39480

Figure 4.15 Changes in the maximum horizontal stress on the reservoir during carbon
dioxide injection (a) With only injection well (b) with simultaneous injection and
production (c) with water production in series with CO, injection
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Figure 4.16 Minimum horizontal stress variation during CO, injection for 5 years of

injection period at various injection pressures (a) With only injection well (b) with

simultaneous injection and production (c) with water production in series with CO,
injection
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Figure 4.17 Maximum horizontal stress variation during CO; injection for 5 years of
injection period at various injection pressures (a) With only injection well (b) with
simultaneous injection and production (c) with water production in series with CO,

injection

4.3.3.2 Ground vertical movement during CO; injection

The ground vertical displacement is a very key output during the geomechanical

modeling of reservoirs undergoing carbon dioxide injection. The geomechanical

modeling in this study shows that the pore pressure increase causes the ground uplift and

a decrease in the pore pressure causes a subsidence of the ground surface. The ground

vertical displacement is shown in Figure 4.18, for the cases of single injection well and

combined injection and production wells. As shown in Figure 4.18, for the case of only

injection well in the system, the ground vertical displacement is the maximum. Adding

the production well to the reservoir helps in reducing the magnitude of ground vertical
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displacement. During the simultaneous carbon dioxide injection and water production
process although the maximum value of the ground vertical uplift was reduced but the
ground surface above the production well has a high value of subsidence due to the pore
pressure reduction in the vicinity of the production well. Another strategy was used, in
which the water production process was performed after the initial carbon dioxide
injection, which helps in limiting the value of ground subsidence above the production
well and also reduces the vertical ground displacement above the injection well.

The variation in ground vertical displacement with time is shown in Figure 4.19
for the cases of single injection well and combined injection and production wells.
During the case of single injection well, the value of the ground uplift increases
continuously to a maximum value till the end of injection period. During the case of
simultaneous injection and production process the magnitude of the ground uplift
increases continuously but the maximum value is less than that of the case of single
injection well. During the case when carbon dioxide injection and water production was
carried out in series, the value of the ground uplift increases during the first 3 years of
carbon dioxide injection followed by a reduction during the 3 years of water production,
and at the end again an increase during the last 2 years of carbon dioxide injection. At the
end of the process the final value of the ground vertical displacement is minimum

compared to the other injection scenarios.
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Figure 4.18 Ground vertical displacement after CO; injection (a) With only injection well
(b) with simultaneous injection and production (c) with water production in series with
CO; injection
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Figure 4.19 Ground vertical displacement variation during CO; injection for 5 years of
injection period at various injection pressures (a) With only injection well (b) with
simultaneous injection and production (c) with water production in series with CO,

injection
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4.3.3.3 Stability analysis for Ghawar reservoir

In the current portion of the study the injection of carbon dioxide into the naturally
fractured carbonate Ghawar reservoir is considered with water as a base fluid in the
reservoir. Performing the stability analysis for the injection scenarios in this study is very
necessary because both carbon dioxide injection and water production are considered in
this study. Both the excessive increase in the pore pressure due to carbon dioxide
injection and excessive decrease in the pore pressure due to water production can cause
the failure of the reservoir structure [30, 84]. Using the Mohr-Coulomb failure criterion
the stability analysis was performed for various cases of carbon dioxide injection.

From Figure 4.11, the maximum value of the pore pressure in the reservoir is with
the case of only injection well in the system. The failure envelope for the naturally
fractured Ghawar carbonate reservoir is shown in Figure 4.20 for the cases of single
injection well and combined injection and production wells. The dotted circle in Figure
4.20 shows the initial stressed condition of the reservoir based on the initial pore pressure
of 16.5 MPa, minimum principle stress of magnitude 36.96 MPa and maximum principle
stress of magnitude 46.20 MPa. After five years of carbon dioxide injection the final
stressed condition of the reservoir is shown in Figure 4.20 for the cases of single injection
well and combined injection and production wells. Even for high values of pressure
buildup during the case of only injection well in the system, the reservoir is still on safe

side for five years of carbon dioxide injection.

133



Intact Rock Failure

with only
injection well

Shear Stress (MPa)

Increase in Pore
Fluid Pressure

[

0
with both
injection and
production

Effective Normal Stress (MPa)

Figure 4.20 Stability analysis for CO, injection into the naturally fractured Ghawar
reservoir with water as a base fluid

This chapter discusses various issues related to the injection of carbon dioxide into
naturally fractured Ghawar carbonate reservoir with both the single and two-phase flow
through the reservoir. The next chapter will discuss the injection of carbon dioxide using
multiple injection wells and its effects on the storage capacity and stability of the

reservoir.
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CHAPTER 5

EFFECT OF INJECTION WELL ARRANGEMENT ON CO;,
INJECTION

5.1  Overview of injection wells arrangement
The injection of CO, into the reservoir, during long-term subsurface containment of CO»,
increases the pore pressure, as well as the adsorption induced strains. The associated
decrease in permeability causes the transport of the injected CO, to decrease to a critical
value, after which it becomes impossible to transport the injected carbon dioxide to
regions of the reservoir far away from the injection well, regardless of its capacity. This
problem initiated the need of multiple injection wells. Although increasing the number of
injection wells in the reservoir will increase the storage capacity of the reservoir but the
injection of huge amount of carbon dioxide will also cause pore-pressure buildup in the
reservoir. In the present study a new methodology is developed for reducing the pore
pressure build-up and increasing the reservoir storage capacity by varying both the
number and arrangement of carbon dioxide injection wells. The effect of injection wells
arrangement on the stability of the reservoir is also investigated. Starting with the case of
two injection wells, the location of the wells are changed with respect to the center of the
reservoir and its effect on the pressure buildup was monitored. Similar procedure was
performed for three and four injection wells. At the end optimum number of injection
wells and their location was proposed for the injection location in the study.

COMSOL multiphysics software is used to model the reservoir and the

overburden layers between the ground surface and the reservoir. Starting from the Arab
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Jubaila carbonate reservoir each geological layer is modeled in COMSOL, such that each
layer has a different thickness value [70]. Starting with the case of two injection wells,
the number of injection wells was increased up to four. The Ghawar Arab D carbonate
reservoir with different arrangements of injection wells is shown in Figure 5.1. Each of
the models in Figure 5.1 has a total of 276,660 degrees of freedom with five independent
variables at each node (two pressures and three displacement components). The two
pressure variables are for the matrix and the fracture. For calculation of ground vertical
uplift due to carbon dioxide injection, the bottom surface of each simulation model is
constrained, the surfaces defined by normal along x and y axes are described by roller
boundary conditions, and the top surfaces are left free for each of the simulation model in

Figure 5.1. The formation properties and various input parameters are listed in Table 5.1.
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Figure 5.1 Simulation models for the Ghawar Arab-D carbonate petroleum reservoir
undergoing CO; injection; (a) two wells, (b) three wells (triangular), (c) four wells
(rectangular)

137



Table 5.1Formation properties for the simulation of CO, injection into carbonate
reservoir [70, 72, 104-107]

Model Parameter For For For under burden
Reservoir Caprock layer
Rock Density, p(Kg/m?) 2400 1870 2550
Young’s Modulus, E (GPa) 48.5 37.05 53.5
Bulk Modulus, K (GPa) 39.24 23.75 34.5
Shear Modulus, G (GPa) 18.1 13.8 19.9
Initial porosity, @, 0.13 0.01 0.10
Initial permeability, ky, (10 m?) 0.6 0.00001 0.2
Biot Coefficient, a 0.8 0.2 0.4
Dynamic Viscosity, 1(10~>Pa.s) 1.84 1.84 1.84
Pressure wave velocity, Vp 5140 4750 4900
(m/sec)
Shear wave velocity, Vs (m/sec) 2748 2720 2800

The overall simulation properties for CO, injection scenarios into the multi-layer 3D

models for Ghawar location is given in Table 5.2.

Table 5.2 Overall simulation properties for CO; injection into Ghawar reservoir

CO; injection rate (kTons/Year) 1,000 (31.7
kg/sec)
CO; injection period (Years) 5
Overall model dimensions, 3,000 X 2,000 X 2,170
lengthxwidthxheight (m)

The following sections of the chapter discuss the effects of increasing the number of
carbon dioxide injection wells on the pore-pressure buildup, ground uplift, maximum

occupancy, and stability of the reservoir.

5.2 Various injection well arrangements with two injection wells
In the case of two injection wells the various discussed wells arrangements are in-line
(injection wells placed along a line along the length of the reservoir passes through the

center of the reservoir) wells arrangement type. With symmetric placement of the
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injection wells along the centre line of the wells, the various arrangements of the

injection wells are given in Table 5.3.

Table 5.3 Different in-line two-well arrangements

Arrangement | Well Spacing (m)
Case 1 600

Case 2 800

Case 3 1000

Case 4 1200

The following sections summarize the numerical simulation results for the two injection

wells at 600, 800, 1000, and 1200 meters distance.

5.2.1 Pressure variation for various arrangements with two injection wells

For the case of two injection wells, as a starting point, the injection wells are placed along
the centerline of the injection plane in the reservoir. Each well is at a distance of 300
meters from the center of the reservoir with a central distance of 600 meters between the
two injection wells. After a five-year injection period, the pressure variation is shown in
Figure 5.2. As shown in Figure 5.2, the pore pressure increases with carbon dioxide
injection. The regions of the reservoir nearer to the injection wells are at higher pressure
as compared to the areas far away from the wells. The pore pressure variation for various
periods of carbon dioxide injection is shown in Figure 5.3. After five years of injection
period, the pressure variation for the various arrangements with two injection wells is

shown in Figure 5.4. As shown in Figure 5.4, the injection wells at 800 meters has the
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lowest pore pressure build up value and the injection wells at 1200 meters has the
maximum pressure build value. The pore pressure variation for the various arrangements
of two injection wells is shown in Figure 5.5. As shown in Figure 5.5, the pore pressure
variation is highly dependent on the arrangement of injection wells. The pressure build up
is high for the injection wells nearer to each other during the initial period of carbon
dioxide injection. The pressure built up for the injection wells nearer to the boundary
surfaces of the reservoir is higher after almost three years of carbon dioxide injection.
The maximum pore pressure for various arrangements of two-injection wells is
summarized in Figure 5.6. The case 1 is for two injection wells with a central distance of
600 meters and case 2 is for two injection wells with a central distance of 800 meters.
Case 3 is for two injection wells with a central distance of 1000 meters and case 4 is for
two injection wells with a central distance of 1200 meters. The pore pressure value for
case 1 is more as compared to case 2 because the injection wells are nearer in case 1 and
the pore pressure profiles interact and thus increase the overall pore pressure value. The
pore pressure value of case 3 and case 4 are more as compared to case 1, although the
injection wells in case 3 and 4 are far away from one another. The reason is that when the
injection wells are nearer to the boundaries of the reservoir, the pressure buildup is more
as compare to the case when the injection wells are nearer because the boundaries of the
model are with no flow condition and will cause CO, accumulation. The maximum
pressure buildup is for two injection wells at a central distance of 1200 meters and nearer

to the reservoir boundaries.

140



(@)

(b)

141



21

00 v 2xi‘07

Figure 5.2 The pressure variation after five years of carbon dioxide injection using two
injection wells at 600 meters
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Figure 5.3 The pore pressure variations for various periods of carbon dioxide injection for
two injection wells at 600 meters
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Figure 5.4 The pressure variation after five years of carbon dioxide injection using two
injection wells; (a) At 600 meters, (b) At 800 meters, (c) At 1000 meters (d) At 1200
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Figure 5.5 The pore pressure variations for CO, injection using two injection wells
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Figure 5.6 Maximum pore-pressure for various arrangements of two injection wells
5.2.2 Ground uplift for various arrangements with two injection wells
One of the key outputs of the geomechanical modeling procedure is the ground uplift
during carbon dioxide injection into the reservoir. For the case of two injection wells at
600 meters, the vertical ground uplift after various injection periods is shown in Figure
5.7. The vertical ground uplift after five years of injection period for various
arrangements with two injection wells is shown in Figure 5.8. Two wells at 600 meters
distance has maximum vertical ground uplift of 24.4 mm, two wells at 800 meters
distance has a maximum vertical uplift of 23.1 mm, two wells at 1000 meters distance
has a maximum vertical uplift of 24.8 mm, and two wells at 1200 meters distance has a
maximum vertical uplift of 25.1 mm.
For two injection wells case, the vertical ground uplift at various injection periods
is shown in Figure 5.9. It can be seen from Figure 5.9 that the maximum ground uplift is
for the two injection wells at a distance of 1200 meters from one another. One of the

possible reasons for this huge ground uplift is that these two injection wells are very
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nearer to the boundaries of the reservoir and thus the high value of the pressure buildup

creates this huge ground uplift.
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Figure 5.7 The vertical ground uplift after various injection periods for two injection
wells at 600 meters
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Figure 5.8 The vertical ground uplift after five years of CO2 injection for two injection
wells; (a) At 600 meters, (b) At 800 meters, (c) At 1000 meters (d) At 1200 meters
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Figure 5.9 The ground uplift after various periods of carbon dioxide injection with two

5.3

injection wells

Various injection well arrangements with three injection wells

For three injection wells, the various patterns, in which carbon dioxide injection is

simulated, is given in Table 5.4. In the case of three injection wells the various discussed
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wells arrangements are in-line, and central (equally spaced around the center of the well),
wells arrangement types as shown in Figure 5.10. The selection of optimum well
arrangement will depend on the dimensions of the reservoir. After observing the pore
pressure increase for various cases of two injection wells, it can be concluded that for a
reservoir with minimum width and thickness as compare to its length, the in-line well
arrangements will be more suitable as compared to the central wells arrangements.
However, if the width of the reservoir has almost equal value to the length of the
reservoir, then the optimum central wells arrangements can keep the pore pressure value
much less than the critical pore pressure for the reservoir. The maximum pore pressure
for each pattern of three injection wells and its corresponding effects on the reservoir

stability is explained in the following sections.

Table 5.4 Different cases of three-well arrangements

Arrangement | Spacing (m)

Case 1 Equilateral triangular arrangement; | =300 m
Case 2 Equilateral triangular arrangement; | = 400 m
Case 3 Equilateral triangular arrangement; | =500 m
Case 4 Equilateral triangular arrangement; | = 600 m
Case 5 In-line arrangement; | =500 m

Case 6 In-line arrangement; | = 600 m

Case 7 In-line arrangement; | = 700 m

Case 8 In-line arrangement; | =800 m
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Figure 5.10 Different three-well arrangements

5.3.1 Pressure variations for various arrangements with three injection wells
After a five-year injection period, the pressure variation is shown in Figure 5.11, wherein
the pore pressure is shown to increase with carbon dioxide injection. Moreover, the pore
pressure variations for the triangular-injection and the in-line injection well arrangements
for various periods of carbon dioxide injection are shown in Figures 5.12 and 5.13,
respectively. Apparently, the pore pressure variation is shown to be highly dependent on
the arrangement of injection wells. The pore pressure increase is more for the case of
three injection wells at 600 meters distance from the reservoir center as compared to
other three wells arrangements.

The maximum pore pressure for different three-injection well arrangements is
summarized in Figure 5.14. The various cases shown in Figure 5.14 are explained in
Table 5.4. Cases 1 to 4 are equilateral triangular arrangements, and cases 5 to 8 are in-
line arrangements. Figure 5.14 shows that the equilateral triangular arrangements of the
injection wells have more pressure buildup as compared to the in-line well arrangements.
One of the reasons is that with equilateral triangular arrangements, the injection wells are

more nearer to the reservoir boundary walls as compared to the in-line well arrangements.
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Among the equilateral triangular arrangements the optimum arrangement with less
pressure buildup is case 2 with three injection wells at a distance of 400 meters from the
reservoir center. Among the in-line wells arrangements the optimum arrangement with
less pressure buildup is case 6 with three injection wells placed in-line such that one of
the well is at the reservoir center and the other two are at a distance of 600 meters from

the central well.
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Figure 5.11 The pressure variation after five years of CO, injection using three injection
wells; (a) At 300 m triangular, (b) At 400 m triangular, (c) At 500 m triangular (d) At 600
m triangular (e) At 500 m in-line (f) At 600 m in-line (g) At 700 m in-line (h) At 800 m
in-line
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Figure 5.12 The pore pressure variations for various periods of carbon dioxide injection
using three injection wells with triangular arrangement
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Figure 5.13 The pore pressure variations for various periods of carbon dioxide injection
using three injection wells with in-line arrangement

324

322 1

32
318
316 +
314 +
312
31 q
308 7
306 7
304 + T T T T T T T

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case T Case &

Pore Pressure (MPa)

Various well arrangements for three injection wells
Figure 5.14 Maximum pore-pressure for various arrangements of three injection wells

5.3.2 Ground uplift with various arrangements for three injection wells

The vertical ground uplift after five years of injection period is shown in Figure 5.15.
Three wells at 300 meters distance from reservoir center has maximum vertical ground
uplift of 28.1 mm, three wells at 400 meters distance from reservoir center has maximum

vertical ground uplift of 27.3 mm, three wells at 500 meters distance from reservoir
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center has maximum vertical ground uplift of 27.8 mm, and three wells at 600 meters
distance from reservoir center has maximum vertical ground uplift of 28.2 mm. Similarly,
three wells with in-line arrangement at a distance of 500 meters has a vertical ground
uplift of 27.6 mm, three wells with inline arrangement at a distance of 600 meters has a
vertical ground uplift of 26.5 mm, three wells with in-line arrangement at a distance of
700 meters has a vertical ground uplift of 27.3 mm, and three wells with in-line
arrangement at a distance of 800 meters has a vertical ground uplift of 27.5 mm. The
corresponding vertical ground uplift for the aforementioned triangular and inline injection
well arrangements for different injection periods is shown in Figures 5.16 and 5.17,

respectively.
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Figure 5.15 The vertical ground uplift after five years of CO; injection for two injection
wells; (a) At 300 m triangular, (b) At 400 m triangular, (c) At 500 m triangular (d) At 600
m triangular () At 500 m in-line (f) At 600 m in-line (g) At 700 m in-line (h) At 800 m
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Figure 5.16 The ground uplift after various injection periods for three injection wells with
triangular arrangement
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Figure 5.17 The ground uplift after various injection periods for three injection wells with
in-line arrangement

5.4  Various injection well arrangements with four injection wells

For four injection wells, the various patterns, in which carbon dioxide injection is
simulated, is given in Table 5.5. In the case of four injection wells, the different well
arrangements that are equally spaced from the center of the well are considered. In the
first three cases tabulated in Table 5.5, the four injection wells are arranged in the form of
a square, with the center of the square coincident with the reservoir center. In the last case
in Table 5.5, the four injection wells are arranged in the form of rectangle, with its center
being coincident with the reservoir center. The maximum pore pressure for each pattern
of four injection wells and its corresponding effects on the reservoir stability is also

explained in the following sections.
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Table 5.5 Various arrangements for four injection wells

Different Cases for
4 injection wells

Type of arrangement (meters)

Case 1 (central | All the four injection wells are at a distance of 400 meters from the
well arrangement) | reservoir center in the form of a square.
Case 2 (central | All the four injection wells are at a distance of 500 meters from the
well arrangement) | reservoir center in the form of a square.
Case 3 (central | All the four injection wells are at a distance of 600 meters from the

well arrangement)

reservoir center in the form of a square.

Case 4 (central
well arrangement)

Four injection wells placed at a distance of 700 meters from the
reservoir center in the form of a rectangle with a diagonal angle of

34.85 degrees with line passing through the reservoir center along
the length of the reservoir.

5.4.1 Pressure variation for various arrangements with four injection wells

The following section summarizes the numerical simulation results for the four injection
wells at 400, 500, 600, and 700 meters distance from the reservoir center. After five years
of injection period, the pressure variation is shown in Figure 5.18. The pore pressure for
various periods of CO; injection is shown in Figure 5.18. As shown in Figure 5.18 the
pore pressure variation is highly dependent on the arrangement of injection wells. For
four injection wells at 700 meters distance from the reservoir center, the pore pressure
has a maximum increase as compared to the other four wells arrangements because the
boundaries of the model are with no flow condition and will cause CO, accumulation.
Figure 5.19 shows the maximum pore pressure for various arrangements of four injection
well arrangements. Table 5.5 discusses the various four wells arrangements in detail.
Among the four cases, the minimum pore pressure buildup is for case 2 having four
injection wells at a distance of 500 meters from the reservoir center. The maximum

pressure buildup is for case 4 with four injection wells at a distance of 700 meters from
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the reservoir center. In case 4 the value of the pore pressure after carbon dioxide injection
is high due to the reason that the injection wells are much nearer to the boundary walls of

the reservoir.
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Figure 5.18 The pressure variation after five years of carbon dioxide injection using four
injection wells; (a) At 400 meters, (b) At 500 meters, (c) At 600 meters (d) At 700 meters

166



Matrix Pore Pressure (pm,MPa)
1
w
)
%

T
o] s00 1000
Time (days)

T
1500

i @ eauanaas Wells at 400 m

= === Wells at 500 m

Wells at 600 m

= « = Wells at 700 m

Figure 5.19 The pore pressure variations for various periods of carbon dioxide injection
using four injection wells

5.4.2 Ground uplift for various arrangements with four injection wells

The vertical ground uplift measured near to the injection point after five years of injection

period is shown in Figure 5.20. Four wells at 400 meters distance from the reservoir

center has maximum vertical ground uplift of 28.9 mm, four wells at 500 meters distance

from the reservoir center has maximum vertical ground uplift of 28.3 mm, four wells at

600 meters distance from the reservoir center has maximum vertical ground uplift of 29.1

mm, and four wells at 700 meters distance from the reservoir center has maximum

vertical ground uplift of 30.2 mm. The corresponding vertical ground uplift at various

periods of carbon dioxide injection is shown in Figure 5.21.
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Figure 5.20 The vertical ground uplift after five years of CO,
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Figure 5.21 The ground uplift after various carbon dioxide injection periods with four
injection wells

55  Maximum carbon dioxide occupancy for various numbers of injection wells
5.5.1 The case of two injection wells

With an initial volume of 1.6926 X 10°m3 for the reservoir, the volume of carbon
dioxide injected during five years of the injection period at ground level
is 5.0504 X 10°m3. Due to the high pressure at the reservoir depth of 1750 meters, the
volume of the carbon dioxide will decrease with a volume factor of 0.00275 m*/m? [86,
124]. The volume of carbon dioxide at the reservoir level will be 13.88 X 10°m?3, which
is 0.82% of the available pore volume. With maximum occupancy limit of 3% of the total
available volume the current injection scenario with two injection well is in the safe

limits [30, 87, 88].

5.5.2 The case of three injection wells
With three injection wells the volume of carbon dioxide injected into the reservoir at the

ground level is equal to 7.5756 X 10°m3 for five years of injection period. Due to the
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high pressure value of the reservoir, the volume of the injected carbon dioxide decreases
to 20.83 X 10°m3, which is 1.23 % of the available pore volume of the reservoir. Still
with an occupancy of 1.23 %, the reservoir will be on safe side because this occupancy

value is less than 3 % which is the maximum occupancy limit [30, 87, 88].

5.5.3 The case of four injection wells

When four injection wells were used for carbon dioxide injection into the reservoir,
10.1008 X 10°m3 volume of carbon dioxide was injected into the reservoir at ground
level. At the reservoir level of 1750 meters, the carbon dioxide is stored in a dense form
with a volume of 27.77 X 10°m3, with occupancy of 1.64% of the available pore volume.
The maximum occupancy value for the reservoir is 3% of the total available volume,
which shows that the current injection scenario with four injection wells is in the safe

limits [30, 87, 88].

5.6  Reservoir stability analysis using Mohr-Coulomb criteria

The flow and transport of carbon dioxide along the reservoir is strongly dependent on the
injection pressure. The more the injection pressure increases, the more the flow of carbon
dioxide increases into the reservoir. For maximum storage capacity of carbon dioxide, it
is desirable to increase the injection pressure. Yet, it is necessary to observe the estimated
safe values of the injection pressure. The safe values of the injection pressure are
obviously less than the critical pore pressures. The Mohr-Coulomb failure criterion for
the compressional stress regime is used to analyze the effect of pore pressure variation on
the reservoir stability. Either the increase or the decrease in the pore pressure can cause
failure of the reservoir due to the subsequent changes in the magnitude of effective
stresses in the reservoir [30, 84]. In this context, the Mohr-Coulomb failure criterion is
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utilized to draw the failure envelope for the reservoir. As the pore pressure increases the
effective stresses on the reservoir decreases and reservoir tends to move to a new stress
condition that is nearer to the failure line as compared to the initial stress condition. The
stability analysis in this part of the study also takes into account the change in the
horizontal stresses due to pore pressure built up.

Figure 5.22 shows new stressed position of the reservoir due to the increase in the
pore pressure. The increase in the pore pressure for the case of two injection wells at
1200 meters central distance is more as compared to the case of injection with single
injection well. The Mohr’s circle for the new stressed condition of the reservoir in Figure
5.22 is nearer to the failure line compared to the case of single injection well. Yet, the
two-injection well scenarios considered in Table 5.3, the reservoir remains in the safe
stable condition.

The pore pressure increase is more for the case of three injection wells at 600
meters distance from the reservoir center as compared to other three wells arrangements.
Failure envelope is drawn for the case of three injection wells at 600 meters distance
from the reservoir center in Figure 5.23. With three injection wells at 600 meters from the
reservoir center, the reservoir is more nearer to the failure envelope as compared to the
cases of single and two injection wells. However, the reservoir maintains the safe stable
condition.

For four injection wells at 700 meters distance from the reservoir center, the pore
pressure has a maximum increase as compared to the other four wells arrangements. The
failure envelope for four injection wells at 700 meters distance from the reservoir center

is shown in Figure 5.24. Due to the coupled geomechanical modeling the Mohr’s circle
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corresponding to the final stressed condition of the reservoir as shown in Figure 5.24 is
bigger as compared to the circle corresponding to the initial stressed condition of the
reservoir. Even with the high magnitude of increase in the pore pressure for four injection

wells at 700 meters distance from the reservoir center, the reservoir is still on safe side.
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Figure 5.22 Effect of pore pressure variation on the stability of the carbonate reservoir in
compressional stress regime for two injection wells at 1200 meter
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Figure 5.23 Effect of pore pressure variation on the stability of the carbonate reservoir in

compressional stress regime for three injection wells at 600 meters distance from the
reservoir center
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Figure 5.24 Effect of pore pressure variation on the stability of the carbonate reservoir in
compressional stress regime for four injection wells at 700 meters distance from the
reservoir center
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It can be concluded from this chapter that increasing the number of injection wells causes
an increase in the pore pressure, which significantly decreases the effective stresses at the
reservoir and drives the reservoir to move towards the failure line. The failure envelope
shows that increasing the number of injection wells and placing the injection wells closer
to one another can lead to the failure of the reservoir. For the various injection scenarios
discussed in this study, the reservoir remained at the safe stable condition. The four-
injection well scenarios were closer to the failure line as compared to the other injection

scenarios.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions:

In this investigation, a numerical modeling scheme has been developed using COMSOL
Multiphysics finite element software for the geomechanical modeling of a single-porosity
Biyadh sandstone reservoir and a naturally fractured Ghawar carbonate reservoir during

the process of carbon dioxide injection.

6.1.1 Geomechanical modeling of a single-porosity Biyadh reservoir

Geomechanical modeling of Biyadh reservoir with single-phase flow

Here, the developed numerical model was validated via comparisons with some
published results of different injection scenarios, which were obtained using different

solution methods. The major findings are summarized as follows:

e The injection of carbon dioxide into the reservoir causes an increase in the pore
pressure, which attains higher values closer to the injection port and decreases
farther away from the injection point. It was also noted that the rate of pore
pressure increase is higher during the first year of carbon dioxide injection, which
is attributed to the higher potential for carbon dioxide flow due to the pressure

difference between the injected carbon dioxide and the local reservoir pressure.

e The increase in the pore pressure causes a volumetric expansion of the reservoir
and hence causes the ground surface to move in upward direction. The ground
uplift reaches its maximum value near the injection well and extends over several
kilometers around the injection point.
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The Mohr-Coulomb failure analysis revealed that the CO; injection induced
increase in the pore pressure injection has caused the reservoir to assume a new
stress condition closer to the failure condition. For both the coupled and
uncoupled stability analyses, the considered injection scenario is at the safe side
of the failure limit according to the Mohr-Coulomb criterion.

The occupancy of the reservoir was 2.4 % of the available pore volume of the
reservoir, which is less than the allowable 3 % for the closed reservoir condition.
The maximum occupancy calculation showed that the adopted injection scenario

of carbon dioxide is still at the safe side of the maximum occupancy limit.

Geomechanical modeling of Biyadh reservoir with two-phase flow

In this case, the coupled geomechanical analysis was performed using CMG-GEM

software to evaluate the feasibility of Biyadh reservoir for CO, sequestration. The

following was concluded:

For the case of a non-fractured caprock, carbon dioxide is restricted by the
caprock to spread only within the reservoir, while for the case of fractured
caprock, carbon dioxide leaks into the overburden layers, as anticipated.
Accordingly, the pressure buildup attains higher values in the case of non-
fractured. On the other hand, for the case of fractured caprock the leakage of
carbon dioxide tends to increase the local pore pressure of the overburden layers.

The location of the fracture zone in the caprock was found to have an influence on
the magnitude of the pore pressure in the overburden layers. It was observed that
the pore pressure gets higher when the fractured zone draws closer to the injection

well.
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For the case of non-fractured caprock, the ground vertical uplift reaches its
highest value just above the injection point at the center of the reservoir, yet for
the case of fractured caprock, the ground uplift is centered above the fractured
zone. It is important to note that the increase in the ground uplift just above the
fractured zone can be instrumental in the identification and localization of the
fractured zone in the caprock.

It is noteworthy to point out that the location of the fracture zone in the caprock
will also influence the magnitude of the vertical ground displacement. The
magnitude of the ground uplift gets higher as the fracture zone gets closer to the
injection well.

There is a significant influence of fractured zone permeability on the amount of
CO;, leakage to the overburden layers and hence on the vertical ground uplift. It
was observed that the vertical ground displacement above the fractured zone
decreases as the permeability of the fractured zone is decreased.

The Mohr-Coulomb failure criterion was invoked to perform the coupled stability
analysis of the reservoir during CO, injection. Due to leakage of CO, into the
overburden layers in the case of fractured caprock, the pressure buildup in the
reservoir did not reach high enough values to cause the failure of the reservoir
structure. Even for higher values of pressure buildup, in the case of non-fractured
caprock, the reservoir was found to maintain stability and stay in the safe side for

the 10-year period of CO; injection.
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6.1.2 Geomechanical modeling of a naturally fractured Ghawar reservoir

Geomechanical modeling of Ghawar reservoir with single-phase flow

In this portion of the study, numerical modeling techniques are used for the

geomechanical modeling of a naturally fractured carbonate reservoir undergoing carbon

dioxide injection. Single-phase flow is considered in the reservoir. The adopted

poroelastic modeling accommodates the transport of carbon dioxide both in the matrix

and the fractures, in addition to calculating the deformation of the reservoir due to the

change in pore pressure. The major findings of the study are summarized as follows:

The injection pressure has a significant influence on the amount of carbon dioxide
storage and the spread of carbon dioxide in the reservoir. The larger the injection
pressure, the larger the pore pressure, and conversely the smaller the effective
stresses. Exceeding the maximum allowable value of the injection pressure can
lead to failure of the reservoir structure. The results of Mohr-Coulomb failure
criterion showed that even at the highest injection pressure used in this study the
reservoir remains in a stable condition.

The maximum occupancy of the reservoir is a major factor for determining the
period of carbon dioxide injection. For the selected simulation and injection
parameters during the selected injection period, the occupancy analysis was
performed for the reservoir considering the formation volume factor at the depth
of the reservoir. The analysis showed that the occupancy was 0.41 %, which is
less than the allowable 3 % for the current reservoir conditions. The maximum
occupancy analysis showed that the current carbon dioxide injection scenario is at

the safe side of the maximum occupancy limit.
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The permeability of the reservoir is highly dependent on the change in the pore
pressure. Moreover, the final value of the permeability depends on the adsorption
induced strains in the reservoir. The permeability simulation results showed a
sharp increase in the permeability with time, followed by a slower rate of decrease
due to the adsorption induced strains. The adsorption-induced strains tend to
decrease the permeability when large injection periods are considered. The initial
increase in the permeability is pressure induced, while the adsorption induced
strains result in a decrease in the permeability at later stages. The carbon dioxide
mobility of the reservoir in the current study is relatively higher when compared
to other sedimentary reservoirs due to the presence of fractures and smaller
adsorption induced strains.

The volumetric strain due to carbon dioxide injection is provoked by the
adsorption-induced swelling of the reservoir matrix and the decrease in the
effective stresses resulting from the increase in the matrix pore pressure. An
increase in the pressure causes an increase in the adsorption-induced swelling,
thus boosting the rate of increase of the volumetric strains in the reservoir matrix.

The sensitivity of the model output to the input parameters has been evaluated by
calculating the normalized sensitivity coefficients of the model parameters. The
sensitivity analysis revealed that the calculated values of the pore pressure during
carbon dioxide injection are highly sensitive to the initial reservoir permeability,
initial reservoir porosity and poroelastic coefficient for the reservoir. Yet, the
model predictions are shown to be reliable for the sensitivity measure of +10% of

the input parameters' base-values.
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Geomechanical modeling of Ghawar reservoir with two-phase flow

In this portion of the study the two-phase fully coupled geomechanical analysis is

performed using CMG-GEM software to evaluate the safe CO2 injection parameters for

the selected sequestration site. The major findings of the study are summarized as

follows:

The injection of carbon dioxide causes an increase in the reservoir pore pressure
however, adding a production well to the carbon dioxide injection and
sequestration process will tends to decrease the overall pore pressure. The carbon
dioxide saturation plots show that with production well in the system the potential
of carbon dioxide flow is high through the reservoir. The magnitude of pore
pressure after carbon dioxide injection is high for injection process with only
injection well and no production well. When carbon dioxide injection and water
production were carried out simultaneously for five years, the net effect was that
the maximum value of the pore pressures was reduced but due to the production
process, pressure depletion occurred near the production well.

During the case of single injection well the pore pressure increases continuously
to a maximum value till the end of injection period. During the case of
simultaneous injection and production process the pore pressure increases
continuously but the maximum value is less than that of the case of single
injection well. During the case when carbon dioxide injection and water
production was carried out in series, the output pressure response shows an
increase in the pore pressure during the first 3 years of carbon dioxide injection,

followed by a pressure reduction during the 3 years of water production, and at
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the end again an increase in the pressure during the last 2 years of carbon dioxide
injection. At the end of the process the final value of the pore pressure is
minimum compared to the other injection scenarios.

e For the case of only injection well in the system, the ground vertical displacement
is the maximum. Adding the production well to the reservoir helps in reducing the
magnitude of ground vertical displacement. During the simultaneous carbon
dioxide injection and water production process although the maximum value of
the ground vertical uplift was reduced but the ground surface above the
production well has a high value of subsidence due to the pore pressure reduction
in the vicinity of the production well. When water production process was
performed after the initial carbon dioxide injection the value of ground subsidence
above the production well and the vertical ground displacement above the
injection well was reduced.

e After five years of carbon dioxide injection the final stressed condition of the
reservoir for the cases of single injection well and combined injection and
production wells shows that even for high values of pressure buildup during the
case of only injection well in the system, the reservoir is still on safe side for five

years of carbon dioxide injection.

6.1.3 Geomechanical modeling for Ghawar carbonate reservoir undergoing
carbon dioxide injection with multiple injection wells

In this portion of the study, the number of carbon dioxide injection wells is varied along

with the distance between the injection wells. COMSOL Multi-physics finite element
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software is utilized for the numerical modeling of different carbon dioxide injection

scenarios. The major findings of the study are summarized as follows:

The new methodology developed and discussed in this study will help in
identifying proper number and placement of carbon dioxide injection wells that
will help in increasing the reservoir storage capacity and stability. Increasing the
number of injection wells causes an increase in the pore pressure, which
significantly decreases the effective stresses at the reservoir and drives the
reservoir to move towards the failure line. Arranging injection wells in various
patterns also effect the pore pressure and hence the stability of the reservoir. For
multiple injection wells, if the injection wells are closer to each other, the pore
pressure will significantly increase during carbon dioxide injection. The failure
envelope shows that increasing the number of injection wells and placing the
injection wells closer to one another can lead to the failure of the reservoir. For
the various injection scenarios discussed in this study, the reservoir remained at
the safe stable condition. The four-injection well scenarios were closer to the
failure line as compared to the other injection scenarios.

The ground surface vertical uplift was evaluated during the injection period of
carbon dioxide for the different arrangements of injection wells. For the naturally
fractured reservoir considered in this study, the maximum ground vertical uplift
was up to 17.1 mm for one injection well, 25.1 mm for two injection wells, 28.2
mm for three injection wells, and 30.2 mm for four injection wells for the five-
year injection period. The ground vertical uplift was noted to increase

significantly with increasing the number of injection wells. Although injecting
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carbon dioxide through four injection wells did not exceed the maximum
occupancy limit of the reservoir, it caused a significant reduction in the effective
stresses. Consequently, the reservoir was driven towards the failure line, in
addition to resulting in higher values of ground vertical uplift that extended
several kilometers surrounding the injection wells.

One of the key factors for deciding the optimum number of injection wells and the
optimum wells arrangement is the accumulation of carbon dioxide during
injection. It was observed that for three injection wells when the injection wells
are placed in a non-symmetric central arrangement, carbon dioxide accumulation
takes place that causes significant ground uplift above the accumulation region. It
was noted that the accumulation can also occur when the injection wells are
placed nearer to the closed boundary surfaces of the reservoir. The results from
the numerical investigation methodology suggest that the injection wells should
not be placed very near to each other and to the boundaries of the reservoir.
Among the various arrangements of injection wells used for carbon dioxide
injection in this study, the numerical methodology suggests the best possible
arrangement. For maximum reservoir stability, maximum reservoir storage
capacity and low values of the vertical ground uplift, it is recommended to use
two injection wells placed at optimum distance with less pore pressure buildup.
With three and four injection wells, the storage capacity will be more but
comparatively less reservoir stability and high values of ground vertical uplift.
The numerical investigation in this study focuses on developing a methodology

for increasing the reservoir storage capacity and stability. The methodology
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suggests the existence of an optimum injection well arrangement, at which the
reservoir has the maximum accumulation of the injected carbon dioxide, while
maintaining the best stability margin for the same given conditions of injection
pressure and injection period. This finding opens the door for a challenging
analytical investigation to find the optimum case of injection well arrangement for
a given reservoir at specified injection conditions, as a future extension to this

study.

6.2  Recommendations

The main objective of the current study was to perform geomechanical modeling of the
single-porosity and naturally fractured reservoirs in order to facilitate safe carbon dioxide
sequestration process in geological reservoir at Saudi Arabia. The following are the

recommendations for future utilization and extension of the current investigation:

e The injection of carbon dioxide at high injection pressures may induce local
seismicity events. If the reservoir contains conductive fractures or critically
stressed faults, the injection of carbon dioxide can cause sliding of the geological
layers and hence can cause local seismicity events. One of the potential
extensions of the developed model is to account for normal stresses on the faults
in order to avoid these seismicity events during carbon dioxide injection.

e In order to optimize of the carbon dioxide sequestration process, the numerical
scheme can be extended to model the enhanced oil recovery (EOR) during the
carbon dioxide sequestration process. Accordingly, the cost of the carbon dioxide

sequestration can be partially recovered by the EOR.
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e The developed model has been established for the carbon dioxide injection period.
The model can be extended to include the post-injection geochemical modeling in
order to study the interaction between the stored carbon dioxide and the

reservoir's formation.
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