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CHAPTER 1

INTRODUCTION

1.1 General introduction

Nowadays, huge amounts of anthropogenic carbon dioxide (CO,) are being
emitted, especially from industries using or exploring fossil fuels; for example, coal
fired power plants or the oil and gas industry. CO, is one of the greenhouse gases
which cause global warming. Moreover, CO, also causes ocean acidification by react-
ing with water forming carbonic acid (H,COs). The acid affects sea creatures and cor-
rodes cement or metal structures. Carbon capture and storage (CCS) is one of the
methods to reduce the amount of CO, emissions emitted into the atmosphere. CO,
will be captured at the sources, then transported via pipelines or trucks, and subse-
quently stored at the storage area. Most of the CO, will be stored in geological for-
mations, for example, depleted oil and gas reservoirs, un-mineable coal seams, or
deep saline formation (Bachu, 2003; Bachu & Rothenburg, 2003a; Dusseault, Bachu, &
Rothenburg, 2004; Dusseault., Bachu., & Davidson., 2001; Wang et al., 2013).

Recently, researchers conducted research to find an alternative geological
storage for CO,, salt caverns being one of the alternative choices. Salt caverns are
cavities left from the finished process of solution mining or a salt mine. There are
many reasons for choosing salt caverns to store CO,, for example, the crystalline
structure of the rock salt with negligible porosity. The permeability of rock salt is very
low with values around 102" - 10 m? (Wang et al., 2013). Therefore, rock salt can
act as a seal, trapping most fluids and gases. Another advantage of rock salt is its
self-healing capability. Fractures and cracks or damage due to changes of the gas
pressure inside the caverns may heal by themselves over time. Furthermore, rock
salt being a soluble material, the construction of salt caverns can be controlled, es-
pecially the shape. Additionally, salt layers are easily found in almost every part of
the world where evaporite deposits formed. There are two important salt basins lo-

cated in the Northeastern part of Thailand, the Khorat and Sakon Nakhon basin. Salt



layers in these basins are part of the Maha Sarakham Formation. These are some of
the advantages of using salt caverns as a CO, storage.

There are lots of good reasons for using salt caverns as a geological storage;
however, there are also some challenges that have to be dealt with. The creep
properties of the rock salt and the gas pressure are some of the factors which can
lead to the deformation of the structure, for example, volume change (decrease of
the cavity’s volume), ground subsidence above the cavern, or the collapse of the
salt cavern (worst case) (Wang et al,, 2013). Therefore, when designing the shape of
the salt cavern it is of utmost importance to increase the safety factor and mitigate
potential negative effects. Many factors are involved in the design, such as the mate-
rial properties of rock salt and gas filling, geological structures of that area, etc.

In this research, the Finite Element Method (FEM) is used to evaluate the sta-
bility such as safety factor and percent volume change of the designed salt cavern
for CO, storage in the Maha Sarakham Formation. Geomechanical properties of the
rock salt such as uniaxial compressive strength (UCS), young’s modulus, poisson's ra-
tio, etc., the properties of the CO,, and the structural inventory of the salt basin are
considered in the salt cavern design in order to maintain the long-term stability of
the CO, storage facility within the Maha Sarakham Formation.

Moreover, all parameters are related to each other. There are four main prob-
lems that need to be addressed;

-The shape and dimension of the salt cavern

Shape and dimension are key factors in terms of stability of the CO, storage.
A different shape has a different ability to ensure stability, reduce volume change,
etc.; likewise, differences in dimension and orientation also influence the salt cavern
stability even though the shape is the same. As a result, the shape and dimension
are difficult problems in designing the salt caverns.

-Quantity of the CO, to be filled in the salt cavern

The quantity of the CO, emissions, especially from the power plant and oil
and gas industry, needs to be known for designing the salt cavern size. The volume
of the cavern (total volume of the caverns) should be adequate to store the emitted

CO,.



-The aggregate state of the CO,

The aggregate state of the CO, in which it is to be stored in the salt cavern is
one of the important factors that needs to be addressed. Depending on the aggre-
gate state, gas or supercritical fluid, different pressures will be acting on the wall of
the cavern(s). The design will be adapted to suit the properties of the CO, inside the
cavern. In addition, the temperature of the CO, can also affect the rock salt proper-
ties, e.g. creep behavior.

-The location to develop the CO, storage

Different locations may have different geological structures which may lead
to different material properties such as strength, etc. In addition, the temperature
and pressure increase with increasing depth (geothermal gradient and lithostatic
pressure). An increase in temperature and pressure can affect the salt cavern stabil-
ity, but the deeper salt layers of the Maha Sarakham Formation tend to be thicker
than the shallower layers. Therefore, when choosing the location to construct the

CO, storage, especially the depth should be considered.

1.2 Objectives

® To find the optimum shape of the salt cavern for CO, storage in the Maha Sa-
rakham Formation, Northeast Thailand.
® Fvaluation of the long-term stability of the salt cavern.

® |dentify possible locations for CO, storage in salt caverns in Northeast Thai-

land (tentative).

1.3 Scope of research

The scope of this research will cover;

® Designing the shape of the salt cavern that can be developed by the deep
solution mining method (depth more than 800m).

® Optimizing the salt cavern shape by using the input parameters based on ma-

terial properties and geological structures.



® Evaluating the long-term stability of the salt cavern with focus on the transi-
ent volume change of the salt cavern.
® Screening possible locations for CO, storage in the Maha Sarakham Formation,

Northeast Thailand.

1.4 Expected benefits from research

® Establish salt caverns in the Maha Sarakham Formation as an alternative for
CO, storage in Thailand.

® The amount of CO, emissions from power plants released into the atmos-
phere would be reduced if CO, can be captured and stored in the salt cav-

erns.

1.5 Order of presentation

The author has divided the thesis into 6 chapters as follow;

Chapter 1 Introduction: General introduction, research objectives, scope of
this research, expected benefits and outline of this study.

Chapter 2 Background and literature reviews: Overview in CO, emissions in
Thailand, geology of Northeast Thailand, solution mining, and literature reviews.

Chapter 3 Geomechanical modeling: Modeling method, model geometry,
material properties used in the geomechanical modeling, and construction and oper-
ation stages of the salt cavern (modeling steps)

Chapter 4 Results and discussions: Results and discussion of the modeling
in each shape.

Chapter 5 Conclusion: Conclusion and recommendation.



CHAPTER 2

BACKGROUND AND LITERATURE REVIEW

2.1 Background
2.1.1 CO, emissions in Thailand

CO, is a greenhouse gas which causes an increase of Earth’s temperature
(Global warming). Although there is a consensus about the impact of anthropogenic
CO, on the global climate within the scientific community it is still denied by some
fringe groups. The fossil fuel industry; oil, gas and coal, has been pressured by society
for emitting huge amounts of CO, into the atmosphere. Therefore, the industry chose
to take responsibility for emitting the CO,. One of the possible choices is CO, capture
and storage (CCS) (Dusseault et al., 2004).

The statistics of the CO, emission in Thailand in 2018 as shown in figurel,;
overall emission of CO, in Thailand in the year 2018, Thailand emitted 260.48 million
tons of CO,. The electric power generation sector emitted the highest amount of CO,
with 94.32 million tons (36% of CO, emission), followed by the industry sector (31%),
the transportation sector (26%) and others (7%). Figure 2 shows the graph of CO,
emission in Thailand from year 1989 to 2018 which slightly increased every year
(Energy Policy and Planning Office, 2018).

In Northeast Thailand CO, emissions originate from several smaller biomass
power plants and a fossil fuel power plant (natural gas) (Figure 3). The biomass pow-
er plants emit 0.456 million tons of CO, per year. The natural gas power plant, which
satisfies most of the electricity needs in Northeast Thailand, emits 2 million tons of
CO, per year, making it the main contributor to greenhouse gas emissions in the re-

gion (Choomkong, Sirikunpitak, Darnsawasdi, & Yordkayhun, 2017).
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Figure 1: CO, emission from Energy Consumption by Sector (modified from Energy
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2.1.2 Geology of Northeast Thailand

The Northeastern part of Thailand covers about one-third of the country. The
important evaporite deposits in this region are within the Khorat and Sakon Nakhon

basin. The two basins are separated by the Phu Phan anticline as shown in figure 3.

The Maha Sarakham Formation is present in both the Khorat and Sakon Nakhon ba-
sin (El Tabakh, Utha-Aroon, & Schreiber, 1999; Utha-Aroon, 1993).

=18°

= 16°

Cambodia 14

104°
@ Fossil Fuel Power Plants
© Biomass Power Plants

102°

Figure 3 : Location of CO, emission sources from fossil fuel and biomass power
plants in  Sakon Nakhon basin and Khorat basin, Northeast Thailand ( modified
from El Tabakh et al., 1999; Choomkong et al., 2017)

The Maha Sarakham Formation is an evaporite deposit of Cretaceous to early
Tertiary age. The formation has an average thickness of 250 m, reaching up to 1.1 km
in the thickest parts. The formation can be divided into three main layers which are
Upper member, Middle member and Lower member. Figure 4 shows the lithostratig-

raphy of the Maha Sarakham Formation. The lower member, Halite L1 and Halite L2,
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exhibits a thickness suitable for the excavation of a salt cavern to store CO, (El

Tabakh et al., 1999).

Clastics U Unit (<680 m)
Upper Member
Halite U Unit (2 m)

Anhydrite Marker Unit 3 (0.5 m)
TTalite U Unit (20-70 m)

Clastics M Unit (20-70 m)

Halite M2 Unit (10-70 m)

Anhydrite Marker Unit 2 Middle Member

Halitc M1 Unit (20-60 m)

Clastics L Unit (10-60 m)

Potash Unit (10-75 m)

Lower Member

Talite L2 Unit (10-200 m)

Anhydrte Marker Unit 1
(0.5-3 m})

Halite L1 Unit (30-350 m)

Basal Anhydnte Umit (1.1 m)
Top of Khok Krual Formation

Figure 4: Lithostratigraphy of a complete sedimentary section of the Maha Sarak-

ham Formation

2.2 Literature review
2.2.1 Solution mining inThailand

In Thailand, Pimai Salt Co.Ltd. is the only mining company in Thailand that

used solution mining method by dissolving rock salt to produce brine product. Pimai
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Salt Co.,Ltd. located in Pimai district in Nakhon Ratchasima province. Salt caverns are
mined by using direct circulation method with an annual production of over 1 million
tons which used oil as a blanket material. The caverns are mined in Lower Salt
member of Maha Sarakham Formation at 200 to 280 meters depths. The cavern
shape is a modified cylindrical shape with cavern volume of 600,000 m®. The cavern
diameter and height are 80 and 45m respectively. The spacing between the center of
the caverns is 120 m (Groenefeld, Yoshida, Koder, & Bunpapong, 1993).

Vattanasak (2006) researched in salt reserve estimation for solution mining in
the Khorat basin by designing the salt cavern in several depths in the Lower Salt
Member of the Maha Sarakham Formation. The suggested shape for the cavern is a
sphere with a diameter of 60m. FEM simulations have shown that the cavern will re-
tain its stability for at least the next 50 years. The ground subsidence for the shal-
lowest cavern (200 m depth) and deepest cavern (400 m depth) is 2.92 cm and 6.45
cm respectively. With these magnitudes of the subsidence, it is considered to have

no harmful effect on the structures and on the surrounding environment.

2.2.2 Salt cavern for natural gas storage and CO, storage

Nowadays, salt cavern is used as a storage facility; for example, salt cavern for
natural gas storage. Natural gas is injected into the cavern when the electrical power
demand is low, and it will be discharged to generate the electricity when the de-
mand is high. Therefore, the natural gas storage cavern is operated under the cyclic
load whereas the cavern for CO, storage is closed after the CO, injection. The CO,
from power plants or the oil & gas industry. Besides storing CO, in the salt cavern,
CO, can be stored in geological formations such as depleted oil and gas reservoirs,
un-mineable coal seams, and deep saline aquifers. The reasons of using salt caverns
are (i) the low permeability and crystalline structure of the rock salt, (ii) the wide dis-
tribution of salt basins, (i) self-healing capability of the rock salt after the damage,
(Vi) rock salt is a soluble mineral, so shape and dimension can be controlled during
the cavern construction (Dusseault et al., 2004; Shi & Durucan, 2005; Wang et al,,

2013).
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Many researchers have modeled salt caverns into different kinds of shape
and dimension. Differences in shape and dimension cause a difference in stability of
the salt caverns. The shape and dimension also depend on the material properties,
location, geological structures, and the aggregate state of CO, in the cavern.

Mraz (1980) constructed many shapes of salt cavern models. The results
show that the ellipsoid shape cavern can reduce its volume shrinkage and kept its
stability better than among other shapes.

Dusseault et al. (2004) designed a salt cavern for storing CO, in supercritical
fluid form in the Lotsberg salt, Canada. At 1.2 km depth, a sphere with a diameter of
100m is modeled in this research. There are two scenarios were modeled in this re-
search. First one is the cavern is sealed after the CO, injection where the cavern
pressure is at 50% of lithostatic pressure. Second scenario is pre-pressurized greater
than the hydrostatic pressure of the brine before sealing the cavern. The result
shows that the volume reduction of the cavern will be reduce by 10-15% if the cav-
ern is pre-pressurized before the cavern closure. In addition, the internal pressure
inside the cavern will reach 95% of the lithostatic pressure after 4,000 years of cav-
ern closure. For ground subsidence result, the model shows that approximately of 5
mm of subsidence occurs at the ground surface.

A. Costa et al. (2011) studied on underground storage in deep and ultra- deep
water offshore for natural gas and CO, storage under the cyclic load. The Santos ba-
sin which presents the Pre-salt reservoirs was chosen as a case study. Twelve cylin-
drical shaped caverns with 300 m height and 100 m span were used in the model
where top of the cavern located at 2901 m depth from the water surface. The re-
sults show that during thirty-year period of operation, the caverns will be stable in by
using the minimum pressure of 50% of the initial stress.

Wang et al. (2013) studied a new model to design dimension and shape of
the salt cavern for gas storage under the cyclic operation by dividing the cavern into
two parts; upper and lower part. The results of the research show that the minimum
of the gas pressure specified the shape and dimension of the upper structure of the
cavern. On the other hand, the maximum of the gas pressure specified the lower

structure of the cavern.
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Feunkajorn (2013) used creep parameters to simulate the creep deformation
of CO, storage salt cavern by using Finite difference method. The creep parameters
were tested by the uniaxial creep test to find the effect of low temperature on time-
dependent deformation of rock salt in Maha Sarakham Formation. Constant tempera-
tures which are 0°C and 30°C are applied to the test. The test took 21 days. Time-
dependent deformation of rock salts described by exponential creep law. The cylin-
drical cavern as shown in figure 5 is designed by using the radius of 25 m located in
500 to 1000 m depth. The results show that the stress distribution of both tempera-
tures is similar but the radial closure for the cavern under low temperature is 10%

less than the cavern under room temperature.

free surface

internal pressure= 30%g,
r=25m, c,=10 MPa

4

0 500 m

Figure 5: The diagram of designed salt cavern from FLAC4.0 (Feunkajorn, 2013)

P. Costa, Roehl, Costa, Amaral, and Poiate Jr (2014) studied underground salt
caverns for brine production and natural gas storage. The salt cavern for natural gas
storage is designed to be used under a maximum pressure during the low demand of
electricity and minimum pressure in order to keep the cavern stable. In the model,
the top of cylindrical cavern located at 1228 m depth. The dimension of the cylindri-
cal cavern is 200 m height and 100 spans. The geometric volume of the cylindrical

cavern is 1.2 million m>. The results from the numerical simulation show that volume
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of natural gas at the maximum pressure is 281 million m® and volume of natural gas
at the minimum pressure of 106 million m® which is potential to use as a gas storage.

Yang et al. (2015) studied on feasibility analysis of using abandoned salt cav-
ern for underground gas storage (UGS) in Jiangsu province, China. The geomechanical
numerical simulations is used to evaluate the abandoned salt cavern. There are two
caverns which are pear shaped and cone shaped cavern were used in the simulation.
Both shapes have the approximate volume of 100,00 m’. The top of the cavern is
located at approximate 900 m depth. The results show that the maximum volume
shrinkage is less than 25% after 20 year of operation. Safety factors value is de-
creased with the operating time. The analysis results indicate that using of the aban-
doned salt cavern as a UGS is quite feasible and reliable where the first salt cavern
gas storage facilities in China were completed. Gas was first injected into the cavern
in 2007 to check the stability of the caverns after 6 years of operation. Measurement
of cavern’s volume shows that there is less change in cavern shape, and the volume
shrinkage is less than 2%.

From reviewing the related literatures, it shows that the different in shapes of
the salt cavern have an effect to the cavern stability and volume change of the cav-
ern. However, the optimum shape for CO, storage cavern remains unclear. Therefore,
geomechanical modeling of different salt cavern shapes for storing CO, in supercriti-
cal fluid form that can be conducted by deep solution mining will be the main pur-
pose of this research. The geomechanical modeling process and all variables used in

the models are explained in the next chapters.
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CHAPTER 3

THEORETICAL BACKGROUND

For the geomechanical modeling, the basic knowledge of solution mining
processes and techniques to control the shape of the cavern are required to model
the salt cavern. Moreover, the basic theory of Finite Element method which is the
numerical method is needed. Finite Element method is used as an analysis tool to
compute the stability of the salt cavern in this research. All parameters such as in-

put, and output parameters involved in the analysis are defined in this chapter.

3.1 Solution mining

Besides conventional underground mining methods, e.g. room and pillar, solu-
tion mining is commonly used for exploiting evaporite minerals, such as rock salt or
potash. Based on history records, solution mining has been used for at least 8,000
years (Jeremic, 1994).

Solution mining is a method exploiting the favorable characteristic of rock salt
which is the solubility of salt in water. The fundamental process of solution mining is
developing a wellbore to the salt layers, injecting water to dissolve salt minerals cre-
ating a saturated brine and discharging the brine from the salt cavern. The advantage
of solution mining is the exploitation can be done without removing the overburden
lying on top of the orebody. Moreover, mine development period of the solution
mining takes less time compared to other underground mining methods where ac-
cess facilities, such as shaft and incline need to be developed first in order to exploit
the ore. Consequently, the capital cost of solution mining is lower than the conven-
tional underground mining method. The disadvantage of the solution mining method
is the limitation of minerals that can be exploited. The minerals should be soluble.
The cavern stability and ground subsidence need to be managed with the utmost
care by designing and controlling shapes and sizes of the cavern (Allen, Doherty, &

Thoms, 1982; Jeremic, 1994).
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3.1.1 Solution mining process

As above-mentioned, after developing a wellbore, water will be injected to
dissolve rock salt. A salt cavern is formed in this stage. The common ways to control
the shape of the cavern are use of a blanket material and control of the circulation
system in the cavern.

Blanket material is a fluid-like material that injects into the cavern in order to
protect the unwanted dissolve area as shown in figure 6, for example the area
around the cemented casing where stability is crucial. The blanket is also used to
limit the dissolving area at the roof of the cavern. Therefore, the blanket is required
to have a lower density than water and not be able to dissolve the salt.

-, %

Water
Brine

Blanket P

Blanket

Figure 6: Using of the blanket in the direct solution mining (K-UTEC- Sondershausen)
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3.1.2 Solution mining techniques: Circulation method

The circulation method of solution mining also influences the shape of the
cavern. Two circulation systems have been generally used in the solution mining
which are (Allen et al., 1982; Jeremic, 1994);

® Direct circulation method: water is injected at the bottom part of
the cavern and the brine is discharged near the area at the blanket casing as shown
in figure 7. Using this method, the shape of the cavern will be enlarged at the bot-
tom and narrowed at the upperpart of the cavern. For example, teardrop, pear,
spherical shape are the results from using the direct circulation method. Cylindrical
shape also can be excavated by the direct circulation method, but the water injec-

tion tube will be moved along the height of the cylindrical cavern.

Figure 7: Solution mining by using direct circulation method (K-UTEC-

Sondershausen)
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®* |ndirect method: or reverse circulation method, uses the same set-
up as the direct circulation method, but the flow of the injected water is reversed as
shown in figure 8. The water is injected in the upper part of the cavern, so, the sys-
tem can be called a top injection method. The brine will be discharged from the
bottom part of the cavern. This method is used to develop the upperpart-enlarged

cavern such as bulb shape.

Figure 8: Solution mining by using indirect circulation method (K-UTEC-

Sondershausen)

All above mentioned methods are circulation type solution mining methods.
Solution mining can also be categorized by the number of wells used to develop a
cavern, which are single-well method, and two-well method.

The Single well method uses only a single large wellbore. The injection tube
and brine discharge tube will be located in the same borehole. In contrast, for the

two-well method, two wells are drilled in order to separate the injection well and
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the brine discharge well. The connection of the cavern is done by using the high-
pressure water injection to cause the fracturing between two wells as shown in figure
9. From using the two-well method an ellipse shaped cavern is formed. Due to the
large spans of the cavern compared to other shapes, the problem of roof collapse is
a major concern. Therefore, this type of excavation is limited to the depth not ex-

ceeding 500m (Jeremic, 1994).

Brine discharge well  Injection well

Figure 9: Solution mining by using two-well method (K-UTEC- Sondershausen)

3.2 Finite Element Method

The Finite Element Method (FEM) is a numerical method for solving compli-
cated problems within mathematics or engineering such as a complicated geometry.
FEM is useful in many applications; for example, heat transfer, structural/ stress anal-
ysis, etc. The principles of FEM consist of model discretization, selection of constitu-
tive equation for matrix formulation, solving the unknown as a nodal solution. Finite
Element Method can easily be compared as the Hooke’s law of a spring. Equation 1
shows the Hooke’s law relationship of the spring (Boonyatee; Madenci & Guven,
2015; Mehta & Joshi, 2016).

F =ku (1)
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Where; F is a force;

=~

is a stiffness of spring;

u is a displacement of a spring

When force (F) is applied to the spring, the displacement (U) occurs. The
magnitude of the displacement will be different because of the different in stiffness
of the spring k.

The Finite Element Method basic matrix formulation is shown in equation 2.

[F] = [K][u] (2)

=

Where; is a boundary condition;

=

is a material property;

is a nodal solution

g

In Finite Element Method, the model is divided into elements where nodes
connect each of elements together in this step is called discretization the domain or
meshing. Constitutive equation is selected to define stress-strain relationship of the
material. Then, the properties of materials are defined in order to build the stiffness
matrix of each element or k gement. After building the k qement, @ global stiffness matrix
([K]) is defined by assemble all k qement from the local coordinates to global coor-
dinates. Then, the boundary conditions such as force, applied stress, etc. are set into
the [F] matrix in order to solve the primary unknown or nodal solution which is
[u] matrix which lead to solve the secondary unknow. In this research, the primary
unknown is displacement, where the secondary unknown are stress, strain, etc.

To summarize the basic concept of the Finite Element Method, the process is
followed by these steps;

1) Discretization the domain (Meshing)
2) Selection of the Constitutive equation

3) Building element stiffness matrix (k gioment)
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4) Assembly global stiffness matrix (corporate k giemens INtO [K ])
5) Introducing the boundary condition ([F])
6) Solving the primary unknown: nodal solution [u]

7) Solving the secondary unknown

3.3 Input parameters

In the modeling, input parameters consist of two main variables which are geo-

logical variables and geometrical variables as explain below;

3.3.1 Geological variables

For geological variables using in the model are the variables involve with the
material properties. In geomechanical modeling, Young’s modulus, Poisson’s ratio,
uniaxial compressive strength, density, and creep parameters are used.

Figure 10 illustrates the relationship of the stress and strain of the material

which is the result of uniaxial compressive strength test.

Unconfined
compressive
stress 4

e

Peak [---==-—=-------2
Strength

o Linear
Limit
Strength

E: Modulus of Elasticity

N
-

Axial strain

Figure 10: Stress-strain relationship (Park, 2010)
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3.3.1.1 Young’s modulus

From figure 10 shows that Young’s modulus or Modulus of elasticity (E) is
the range which the stress is proportional to the strain. It means that the material
returns to its original position when the stress is removed (Hudson & Harrison, 2000).

The equation of Young’s modulus is shown in equation 3;

4 3
F= 2 (3)
E
Where; E is a Young’s modulus;
0) is a stress;
& is a strain

3.3.1.2 Uniaxial compressive strength (UCS)

Uniaxial compressive strength or peak strength in figure 10 is the maximum
axial compressive strength that the material can endure before fracture (Hudson &

Harrison, 2000).

3.3.1.3 Poisson’s ratio

Poisson’s ratio is the material property that shows the relationship between
the lateral strain and axial strain when the load is applied on the sample as shown in
figure 11 (Hudson & Harrison, 2000). The equation of Poisson’s ratio is shown in equa-

tion 4;
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Figure 11: Poisson ratio of the material (Divedi, 2017)

€lateral q
A (4)
Eaxial
Where; Vv is a Poisson’s ratio;
—E&lateral is a lateral strain;
—E&axial is an axial strain

3.3.1.4 Density

Density is a mass per unit volume of the material (Hudson & Harrison, 2000).

The relationship is shown in equation 5;

(5)
p =

<I 3

Where; is a density;

is @ mass;

<3

is a volume
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3.3.1.5 Choice of a Creep Law

Salt exhibits viscoplastic behavior under differential stress. The temperature as
well as the difference between the stress and the pressure within the cavern are
used to predict the creep rate. A pressure increase in the cavern leads to a dimin-
ishment of this difference. Therefore, the creep rate slows and a stress state reflect-
ing the stress field prior to the construction of the cavern (virgin stress) is approached
asymptotically.

In our study, the salt mass is subjected to a relatively small range of tempera-
ture and differential stress. Consequently, a full constitutive model for the behavior
of salt over a wide range of temperature and shear stress is not necessary (Carter,
Horseman, Russell, & Handin, 1993). For our salt cavern models we focus on second-

ary or steady state creep acting over very long-time spans as shown in figure 12.

Tertiary
Creep

Strain (%)

Steady-state !
Creep |
______________________________________________ 1

Time (s)
Figure 12: The creep curve: primary, steady- state, and tertiary creep stages

(Spaceflight.esa.int., 2019)

The Norton Creep Power Law as shown in equation 6 was applied in our simulations.

. —Q
Ecr = Ad™ exp (ﬁ) (6)
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Where; écr is a steady state creep strain rate;
is a constant parameter;

is a stress;

is a stress exponent;

is an activation energy;

is a gas constant;

N T O S Q9

is a temperature

3.3.2 Geometrical variables

For geometrical variables using in the model are the variables involve with the
geometry of the caverns. In this research, the technical terms that define parts of the
cavern are shown in figure 13. The cavern is divided into three parts which are upper
part, center and lower part. Where roof means the upper part of the cavern, floor
means the lower part of the cavern, and wall means the side of the cavern. For ge-
omechanical modeling, salt caverns are designed into five different shapes which are
spherical, bulb, teardrop, pear, and cylinder as shown in figure 14. All shapes are de-
signed to have an approximate volume of 520,000 m>. The most important thing for
designing shape of the salt cavern is that the shape should be able to develop by
the deep solution mining method (depth more than 800m), either direct or indirect
circulation. The difference in shape of the salt caverns is influenced by controlling

the water injection and the blanket.
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Upper part

% cavern height

Wall

1 cavern height

Lower part

1 cavern height

Floor
Figure 13: Terminology of the cavern parts used in this research

The techniques of circulation to conduct the different shapes cavern are mentioned

as follow;

3.3.2.1 Spherical shape

For the spherical-shaped caverns, direct circulation will be used. But in reality,

a perfect spherical cavern is difficult to mine by using solution mining.

3.3.2.2 Bulb shape

For the bulb- shaped cavern, indirect circulation method will be used to de-

velop the cavern which favors to have the upper part expansion. For dissolving the

lower part of the cavern, direct circulation technique can be applied.

3.3.2.3 Teardrop shape

For teardrop shaped caverns, direct circulation will be used in order to make

the lower expansion of the cavern. Indirect circulation technique can be applied in

order to dissolve the upper part of the cavern.
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3.3.2.4 Pear shape

For the pear-shaped cavern, a mixed method, between direct and indirect
circulation, is used. Where indirect circulation method is used in the cavern devel-
opment phase and followed by the direct circulation method in the production

phase.

3.3.2.5 Cylindrical shape

For the cylindrical shaped cavern, the direct circulation method will be used.
The cavern will be excavated by injecting the water at the bottom of the cavern first,
then the injection tube will be moved upward following the designed height in order

to form the cylinder-shaped cavern.
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Spherical shape Bulb shape
Teardrop shape Pear shape

Cylinder shape

Figure 14: The designed shape cavern used in modeling
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3.4 Output parameters

After the nodal solutions are solved, the results are used to compute the
secondary unknowns. In this research, Von Mises stress, safety factor, volume change,
and ground subsidence will be obtained as they are used as criteria to define which

salt cavern shape is the optimum shape for storing CO, in supercritical state.

3.4.1 Von Mises stress

Von Mises stress or equivalent stress is a stress that represents the three prin-
cipal stresses (01, 0, and 05) in a single positive stress (Kohnhe, 2013). Figure 15 il-
lustrates the principal stress components on cubic. Von Mises stress can be comput-

ed by using equation 7.

Three Principal Stresses o1, 02, 03

Figure 15: Diagram of principal stress components (Value design Consulting, 2019)

1
1 2 2 2 2
Op = (E [(61 — 02)° + (03 — 03)° + (03 — 07) ]) (7)
Where; 0. is a Von Mises stress;
o, is @ major principal stress;
o, is an intermediate principal stress;

0, is @ minor principal stress
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3.4.2 Safety factor

Safety factor is a value use to refer that the structure is safe or not. If safety
factor is more than one, it means that the structure is safe. In contrast, if the safety
factor is less than one, it means that the designed structure is not viable to use

(Kohnhe, 2013). In this research, Safety factor is calculated by using equation 8.

Safety fact Uniaxial compressive strength (8)
afety factor =
4 Von Mises stress

3.4.3 Volume change

In this modeling, volume change is computed by exporting the coordinates of
nodes at the cavern boundary and nodal displacement to find the coordinate after

the operation, then imported to AutoCAD to find the volume of the caverns.

3.4.4 Ground subsidence

Ground subsidence in this modeling is the maximum magnitude of the dis-

placement at the top surface of the model in each operation stage.
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CHAPTER 4

GEOMECHANICAL MODELING

4.1 Modeling method

In this research, the Finite Element Method (FEM, ANSYS Student 2019 R2) is
used to compute the salt cavern stability. The process will be divided into three

steps: preprocessing, processing and postprocessing as shown in figure 16.

Preprocessing
Geometry construction &

Model discretization.

Processing

Postprocessing

> Evaluate long-term stability

Figure 16: Flowchart of the FEM process: preprocessing, processing, and post pro-

cessing

Preprocessing involves geometry, material properties and meshing (PLANE183:
quadratic, 8 nodes, 2D elements, as shown in figure 17. Solutions for the model are
obtained during the processing step which includes defining boundary conditions
(forces or displacements) and the type of analysis (static vs. transient). The solution
stage has been divided into four substages which will be mentioned in operation

stage of salt cavern for CO, storage in further section. The results (stresses, displace-
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ments, safety factor, volume decrease, etc.) obtained during processing can be

viewed in the postprocessing step.

- ®

@

Y
(or axial)

T—P X (or radial)

Figure 17: Type of element used in model discretization: PLANE183: quadratic, 8
nodes, 2D elements (Madenci & Guven, 2015)

4.2 Model geometry

Model geometry used in the model consists of two parts; the stratigraphy of
the geologic column and the geometry of the salt cavern. For designing of the geo-
logic column, it follows by the lithostratigraphy of the salt cavern location selection.
For the geometry and dimension of the salt cavern is designed by using the guideline
for the storage of compresses air in solution mined and salt cavities (Allen et al,

1982).

4.2.1 Salt cavern location selection

Sequestration facilities must be located relatively close to the sources of CO,
(Dusseault et. al., 2004). Additional criteria for selecting a suitable location to devel-
op salt caverns include: 1) the thickness of the salt layer, 2) the depth of the salt
layer, and 3) temperature and pressure. A depth of greater than 800 m guarantees an
environment (temperature greater than 31.1 °C, pressure greater than 7.39 MPa suffi-

cient to store CO, in its supercritical state or SCF where CO, exhibiting features of
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both, gases and liquids. The benefit of storing CO, as SCF is the increased amount of
sequestrated CO, due to a higher density (Bachu, 2003; Bachu & Rothenburg, 2003a).

Drill hole data from the Department of Mineral Resources (DMR), Drill hole K-89
confirms the presence of salt domes in the Ban Nong Plue, Borabue district, Maha
Sarakham provinces. The stratigraphic column of K-89 is shown in figure 18. The drill
hole K-89 located in Lat. 16 00.4’, Long. 103 06.1’ as shown in figure 19. The interval
of K-89 from 86 to 1169 m is proven to be rock salt, interbedded with anhydrite
bands (Japakasetr & Suwanich, 1982). The geothermal gradient of the salt layer is 31
°C /km (Thienprasert & Raksaskulwong, 1984). Therefore, the area around K-89 is
suitable for developing salt caverns to store CO, in Northeast Thailand.

Elevation{m) Depth{m)

Sediment

—— Rock salt

-976——————1169

Figure 18: Stratigraphy of drill hole K-89 in the Ban Nong Plue, Borabue district, Ma-
ha Sarakham provinces. (modified from Japakasetr & Suwanich, 1982)
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Figure 19: Location map of K-drill holes (Japakasetr & Suwanich, 1983)
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4.2.2 Salt cavern geometry and dimension

The criteria used to determine which shape has the best condition for CO,
storage are safety factor and volume change. The shape that exhibits a safety factor
value greater than 1 and the lowest volume change will be considered as an opti-
mum shape for CO, storage.

As shown in figure 20, the model has a width of 500 m and a total height of
1169 m. The top 86 m represent clastic sediments, while the part of the model from
86 to 1169 m, based on drill hole K-89, consists of rock salt. The centered of the de-
signed shapes is located in the lower salt layer at 900m depth from the ground sur-
face. For the dimension of the designed caverns used in the model is designed by
using the guideline for the storage of compresses air in solution mined and salt cavi-

ties (Allen et al., 1982) are shown in figure 21.
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Figure 20: The model geometry and its boundary conditions used in modeling
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Figure 21: The designed shape cavern used in modeling
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4.3 Material properties
4.3.1 Property used in the model

Material properties are one of the important factors for salt cavern design.
The solid materials in the model consist of clastic sediments and rock salt. Their ma-
terial properties have been retrieved from the Environmental Impact Assessment re-
port of a Potash mining project (Asia Pacific Potash Corporation, 2014). The material

properties used in our model are shown in table 1 and table 2.

Table 1: Material properties of rock salt (Asia Pacific Potash Corporation, 2014)

Material properties Rock salt
Density (kg/m?) 2120
Young’s Modulus (GPa) a4
Poisson’s Ratio 0.2
Uniaxial Compressive Strength (MPa) 29.7

Table 2: Material properties of sediments (Asia Pacific Potash Corporation, 2014)

Material properties Sediments

Density (kg/m?) 1750
oung’s Modulus (GPa) 0.2

Poisson’s Ratio 0.41

4.3.2 Creep parameters of Norton Creep Power law

As mentioned above, Norton Creep Power law is used to define the secondary
or steady state creep stage in the model. In this research, creep parameters are ob-
tained from the journal named “Rheology of rock salt” (Carter et al., 1993) to inves-
tigate the effect of the creep strain rate on the cavern stability. In order to select the
creep parameters, five creep parameters as shown in table 3 are selected and used
to model the result of displacement after the stress has been applied for 2,000 years

with the temperature of 52 °C where the displacement from creep trends to stable.
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The criteria for choosing the creep parameters used in the model is that the selected
creep parameters should give the highest magnitude of displacement among others.
It means that the creep parameters that give the highest displacement will results

the worst-case scenario which is happen from the creep effect of rock salt.

Table 3: The creep parameters use for modeling the displacement from creep

(Carter et al., 1993)

Case A (MPa ™ s n Q/R (K)
1 6.36 x 107 5.93 8315
2 2.62 x 10™ 4.31 7412
3 2.02 x 10" 4.52 7498
4 8.12x 107 3.42 6206
5 157 x 10* 5.34 8191

From the modeling, the highest magnitude of displacement occurs in case 4 as
shown in figure 22 with the magnitude of 0.336m. Therefore, the creep parameters of

case 4 are chosen for this study as shown in table 4.
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Figure 22: The results of displacement from difference creep parameters

Table 4: Creep parameters of rock salt used in the modeling (Carter et al., 1993)

Creep Parameter:

Rock salt
Norton Creep Power Law
A (MPa 4% +s™) 8.12x107
n 3.42
Q (J/mol) 51,596
R (J K'mol™?) 8.314
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4.3.3 CO, property

The aggregate state of the CO, to be filled in the rock salt cavern can be gas,
liquid, or supercritical fluid. Supercritical CO, has a critical temperature of 31.1 °C or
304.25 K, and a critical pressure of 7.39 MPa or 73.9 bar (critical point). Figure 23
shows the phase diagram of CO,.

At 900m depth, the lithostatic pressure is 17.5 MPa and the surrounding tem-
perature is 52 °C. During the brine discharge process, CO, density is approximately

400 kg/m’® and will be increased to 740 kg/m? before the cavern closure.

supercritical
fluid

1,000

pressure
P (bar)
=
o
o

10

® triple point

1 T T T -
200 250 300 350 400
temperature
T (K)

Figure 23: The phase diagram of CO, (Finney & Jacobs, 2010)

4.4 Salt Cavern Design, Construction and Operational Stages

The designated location for the salt cavern is the Lower Member of the Maha
Sarakham Formation. The cavern is constructed by solution mining, a process during
which salt is replaced by brine, over a period of 2 years (24 months). The cavern is
designed as a sphere with a diameter of 100 m and would have a volume of close to
520,000 m°. The working volume, which is the free space available for CO, storage, is

less than the actual volume due to some brine at the bottom of the cavern which
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cannot be discharged by injecting CO,. The midpoint depth of the cavern is 900 m.
The mean overburden stress is 17.84 MPa and the temperature is 52 °C.

The pressure inside the cavern changes over time with regard to the current opera-
tional phase (Figure 24). We distinguish 4 stages: 1) solution mining, 2) discharge of
the brine by injecting CO,, 3) pre-closure CO, pressure adjustment and 4) cavern clo-
sure.

Stage 1 which last about 2 years (24 months) shows a pressure decrease with-
in the cavern from 100% to 56% of the lithostatic pressure. The pressure inside the
cavern is based on the hydrostatic pressure of the brine, the density of the brine be-
ing 1,180 kg/m> (Jeremic, 1994). During stage 2 the pressure inside the cavern is kept
constant (pressure of injected CO, = brine pressure). After the brine is completely
discharged the CO, pressure is adjusted pre-closure. The two common ways are: a)
the pressure of the injected CO, is kept at brine pressure, b) the pressure of the in-
jected CO, is raised to 90-95% of the lithostatic pressure. In this study, we follow the
b) method as it will minimize the volume decrease (Bachu & Rothenburg, 2003b;
Dusseault et al., 2004). The pressure of the injected CO, is raised from 56% to 95% of
the lithostatic pressure during stage 3. After cavern closure (stage 4), the pressure
within the cavern will remain at 95% of the lithostatic pressure.

In this research, we will investigate the salt cavern stability for a time span of

500 years after cavern closure.
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Figure 24: Modeling step of the salt cavern for CO, storage
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CHAPTER 5

RESULTS AND DISCUSSIONS

In this research, we conduct a stability analysis of a spherical, bulb, teardrop,
pear and cylindrical salt cavern, with a focus on displacement, von Mises stress, vol-

ume shrinkage, and safety factor. The results are shown in Table 5-9.

5.1 Displacement
5.1.1 Spherical shape

From table 5, the displacement vectors of the spherical shape shift inward in-
to the cavern where the maximum magnitude of displacement in the last step of the
solution mining phase is 0.459 m. In the last step of brine discharge stage, the maxi-
mum magnitude of displacement is increased to 0.505 m. After the CO, injection
phase, the maximum magnitude of displacement decreases to 0.479 m due to the
increasing of cavern pressure, and 500 years after cavern closure the maximum mag-
nitude of displacement increases to 0.510 m because of the creep effect of rock salt.
The highest magnitude of the displacement shows at the floor part of the cavern of
every stage because stress that acting on the cavern’s floor is the combination of the
lithostatic stress and the cavern pressure. In addition, the roof of the cavern has the
lowest magnitude of displacement because of the counter-balanced between the

lithostatic pressure and the cavern pressure.
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Table 5: Results of the spherical shape

Displacement (m)
\ , o [

|
0 11326 .226521 .339761 .453042
.05663 .169891 .283151 .396412 .509672
Solution mining Brine discharge CO, injection Cavern closure

Von Mises stress (Pa)

LD
8570 . 114E+07 L227E+07 .340E+07 .453E+07
575529 . 171E+07 .284E+07 .3%7E+07 .510E+07
Solution mining Brine discharge CO, injection Cavern closure

Safety Factor

[T —
6.5 11.7222 16.59444 22.1667 27.3889
©.11111 14.3333 19.5556 24.7778 30

Solution mining Brine discharge CO, injection Cavern closure




Table 6: Results of the bulb shape
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Displacement (m)

0
.052889

.105778
.158667

.211556

.317333
.264444

.370222

423111
.476

Solution mining

Brine discharge

CO; injection

Cavern closure

Von Mises stress (Pa)

10160
€7e8009

L134E+07
L201E+07

. 26BE+07

LA01E+0T
. 334E+07

-468E+07

. 334E+07
. 601E+07

Solution mining

Brine discharge

CO, injection

Cavern closure

Safety Factor

8.48889

11.1778

1
13.8667

€.5556 21.9333

19.2444

24,

6222

27.3111
30

Solution mining

Brine discharge

CO, injection

Cavern closure




Table 7: Results of the teardrop shape
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Displacement (m)

.135888
.067944

3556
6115

Solution mining

Brine discharge

CO, injection

Cavern closure

Von Mises stress (Pa)

6084
583186

.116E+07
.174E+07

231E+07

.347E+07
.289E+07

.462E+07
.405E+07 -520E+07

Solution mining

Brine discharge

CO; injection

Cavern closure

Safety Factor

§.97778

11.6056

14.2333

l6.8611

22.1167
19.4889

27.3722

24.7444 30

Solution mining

Brine discharge

CO, injection

Cavern closure




Table 8: Results of the pear shape
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Displacement (m)

.070111

.140222
-210333

.280444

.420687
.350556

.560889

-4%90778 .631

Solution mining

Brine discharge

CO, injection

Cavern closure

1140¢
724583

Von Mises stress (Pa)

.144E+07 . 2BeE+0T

.215E+07

L428E+07
.358E+Q0T

LST2E+0T
. S00E+07 L643E+Q0T

Solution mining

Brine discharge

CO, injection

Cavern closure

Safety Factor

§.55111

11.232z2
13.9133

1€.5944

21.9567
19.2756

27.3189
24.6378 30

Solution mining

Brine discharge

CO; injection

Cavern closure




Table 9: Results of the cylindrical shape
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Displacement (m)

0
.046667

.093333
.14

.18eee7

.233333

-373333
.326667 .42

Solution mining

Brine discharge

CO, injection

Cavern closure

Von Mises stress (Pa)

9881
749804

.149E+07 . 2897E+07
L 223E+07

.445E+07
.3T1E+07

. S93E+0T
.519E+07 .6eTE+QT

Solution mining

Brine discharge

CO; injection

Cavern closure

Safety Factor

7.54e867

10.3533 15.9667
13 ]

18.7

733

27.1933
24.3867

Solution mining

Brine discharge

CO, injection

Cavern closure




52

5.1.2 Bulb shape

From table 6, the displacement vectors of the bulb shaped salt cavern shift
inward into the cavern where the maximum magnitude of displacement in the last
step of the solution mining phase is 0.438 m. In the last step of brine discharge stage,
the maximum magnitude of displacement is increased to 0.476 m. After the CO, in-
jection phase, the maximum magnitude of displacement decreases to 0.444 m due
to the increasing of cavern pressure, and 500 year after cavern closure, the maximum
magnitude of displacement increases to 0.462 m because of the creep effect of rock
salt. The highest magnitude of the displacement shows at the wall of the cavern in
every stage because the geometry of the cavern. The wall of bulb shaped cavern is

straight which make the stress concentrate at the cavern’s wall.

5.1.3 Teardrop shape

From table 7, the displacement vectors of the teardrop shape shift inward into
the cavern where the maximum magnitude of displacement in the last step of the
solution mining phase is 0.559 m. In the last step of brine discharge stage, the maxi-
mum magnitude of displacement is increased to 0.611 m. After the CO, injection
phase, the maximum magnitude of displacement decreases to 0.569 m due to the
increasing of cavern pressure, and 500 year after cavern closure is the maximum
magnitude of displacement increases to 0.608 m due to the creep effect of rock salt.
The highest magnitude of the displacement shows at the floor part of the cavern of
every stage because stress that acting on the cavern’s floor is the combination of the
lithostatic stress and the cavern pressure. But, when compare the maximum magni-
tude of displacement between teardrop shape and spherical shape, it shows that the
teardrop shape gives the higher value of displacement magnitude because the floor

of the teardrop is straighter than the spherical shape.
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5.1.4 Pear shape

From table 8, the displacement vectors of the pear shape shift inward into the
cavern where the maximum magnitude of displacement in the last step of the solu-
tion mining phase is 0.572 m. In the last step of brine discharge stage, the maximum
magnitude of displacement is increased to 0.631 m. After the CO, injection phase,
the maximum magnitude of displacement decreases to 0.576 m due to the increas-
ing of cavern pressure, and 500 year after cavern closure is the maximum magnitude
of displacement increases to 0.609 m due to the creep effect of rock salt. The high-
est magnitude of the displacement shows at the floor part of the cavern of every
stage. At the wall of the cavern shows the intermediate movement because of the

acute curve which made the stress concentrate in this area.

5.1.5 Cylindrical shape

From table 9, the displacement vectors of the cylindrical cavern shift inward
into the cavern where the maximum magnitude of displacement in the last step of
the solution mining phase is 0.328 m. In the last step of brine discharge stage, the
maximum magnitude of displacement is decreased to 0.322 m, and the CO, injection
phase, the maximum magnitude of displacement increases to 0.345 m which differs
from others which could be the result of the cavern’s geometry, where the span of
the cavern is lesser, and the height of the cavern is higher when compares with other
shapes. Therefore, the range of lithostatic pressure acting on the cavern is wider
when compared to other shapes. For 500 year after cavern closure, the maximum
magnitude of displacement increases to 0.419 m because of the creep effect of rock
salt. The highest magnitude of the displacement shows at the floor of the cavern in
every stage because of the combination of the lithostatic stress and the cavern pres-

sure.

To summarize, the displacement vector results show that the direction of the
vectors shifts inward the salt cavern. The highest magnitude of the displacement

shows at the floor part of all designed salt cavern shapes, except the bulb shape
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where the highest magnitude is at the wall of the cavern. The highest magnitude of
the displacement mostly happened during brine discharge (stage 2) and displace-
ment magnitude tends to decrease after CO, injection (stage 3) and increased again

after the cavern closure due to the creep behavior of rock salt.

5.2 Von Mises stress
5.2.1 Spherical shape

From table 5, the maximum of Von Mises stress in the last step of the solu-
tion mining phase is 4.26 MPa and increased to 4.67 MPa which shows at the cav-
ern’s floor after the brine discharge stage. After the CO, injection phase, the maxi-
mum of Von Mises stress increase to 5.09 MPa which is the result from the differen-
tial stress increased while injecting the CO, into the cavern. For 500 year after cavern
closure, the maximum of Von Mises stress decreases to 0.70 MPa because the adap-
tation of pressure inside the cavern in order to make it as same as the surrounding
pressure. But, the differential stress, the light blue contour at the cavern floor, still
remain after the 500 years cavern closure so it could imply that the development of

the pressure inside the cavern to be the same as the surroundings is slow.

5.2.2 Bulb shape

From table 6, the maximum of Von Mises stress in the last step of the solu-
tion mining phase is 4.45 MPa and increased to 5.01 MPa which shows at the cav-
ern’s floor after the brine discharge stage. After the CO, injection phase, the maxi-
mum of Von Mises stress increase to 6.00 MPa which is the result from the differen-
tial stress increased while injecting the CO, into the cavern (the same reason as
spherical shape). For 500 year after cavern closure, the maximum of Von Mises stress
decreases to 0.71 MPa, where the differential stress is reduced, causing the creep

rate to slow.
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5.2.3 Teardrop shape

From table 7, the maximum of Von Mises stress in the last step of the solution
mining phase is 4.30 MPa and increased to 4.97 MPa after the brine discharge stage.
The maximum of Von Mises stress shows at the cavern’s floor at the acute curve
where stresses are concentrated in this area. After the CO, injection phase, the max-
imum of Von Mises stress increase to 6.00 MPa which is the result from the differen-
tial stress increased while injecting the CO, into the cavern (the same reason as
spherical and teardrop shape). For 500 year after cavern closure, the maximum of
Von Mises stress decreases to 0.71 MPa. Where the highest value is at the cavern
floor because the slow development of the pressure inside the cavern to be the
same as the surroundings. Therefore, the differential stress, the light blue contour,

still remain after the 500 years cavern closure.

5.2.4 Pear shape

From table 8, the maximum of Von Mises stress in the last step of the solution
mining phase is 4.48 MPa and increased to 5.57 MPa which shows at the acute curve
of the cavern’s floor after the brine discharge stage. After the CO, injection phase,
the maximum of Von Mises stress increase to 6.42 MPa which is the result from the
differential stress increased while injecting the CO, into the cavern. For 500 year after
cavern closure, the maximum of Von Mises stress decreases to 0.73 MPa, where the

differential stress is reduced.

5.2.5 Cylindrical shape

From table 9, the maximum of Von Mises stress in the last step of the solution
mining phase is 6.66 MPa and decreased to 6.31 MPa after the brine discharge stage.
The maximum of Von Mises stress shows at the cavern’s floor at the acute curve
where stresses concentration is high in this area. After the CO, injection phase, the
maximum of Von Mises stress decrease to 2.97 MPa. For 500 year after cavern clo-

sure, the maximum of Von Mises stress decreases to 1.25 MPa. Where the highest
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value is at the cavern floor because the slow development of the pressure inside the
cavern to be the same as the surroundings. Therefore, the differential stress, the light
blue contour, still remain after the 500 years cavern closure. When compared the
Von mises stress results of cylindrical shape and other shapes, the cylindrical shape
differs from others because the Von Mises stress tend to decrease at the end of eve-
ry operation stage. The reason could be the wide range of lithostatic pressure acting

on the cavern made the differential stress reduced.

To summarize, the process of CO, sequestration in salt caverns affects the
stress field. Before the start of the cavern construction, the prevailing stress field (vir-
gin stress) was dominated by the lithostatic pressure. During and after the excavation
process, a disturbance of the stress field can be recognized caused by solution min-
ing and brine discharge and the associated difference between stress and cavern
pressure (56% of the lithostatic pressure). Where the highest stress happened in this
stage, mostly at the bottom part of the cavern in every cavern shape. Due to the
injection of CO, at high pressure (95% of the lithostatic pressure) this difference is
diminished, causing the creep rate to slow, and ultimately the virgin stress is ap-

proached asymptotically.

5.3 Safety factor

The safety factor is used to describe the stability of the cavern. In our mod-
els, the safety factor is based on the ratio between rock strength (Uniaxial Compres-
sive Strength) and Von Mises stress. Therefore, the trend of the safety factor would
be the same as the Von Mises stress. A structure is considered to be safe if the safety
factor has a value greater than 1. The lowest safety factor value in every shape, ex-
cept for the cylindrical shape, shows in the CO, injection phase where 6.53, 5.58,
6.35, and 5.87 are the lowest safety factor values for spherical, bulb, teardrop, and
pear shape respectively. For the cylindrical shape, the lowest safety factor value
shows in the solution mining phase which has a value of 4.74. The shape exhibiting

the highest safety factor value is the spherical shape while the cylindrical shape
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shows the lowest value for the safety factor of all modeled shapes. The cylindrical
shape is nevertheless still considered as safe for CO, storage. Consequently, based
on our modeling results, salt caverns can be considered a safe option for CO, storage

in its supercritical state.

5.4 Volume change

As shown in figure 25, the highest volume change in spherical, bulb, teardrop,
and pear shape occurred during the brine discharge stage. For the cylindrical shape,
the highest volume change is at the CO, injection phase. 500-years after cavern clo-
sure, volume shrinkage happens in the teardrop and cylindrical shape with the value
of 0.018% and 0.604%, respectively. Contrary, the volume of the pear, spherical, and
bulb shaped caverns expand by 0.023%, 0.061%, and 0.151%, respectively. From the
criteria of designing the cavern shapes with the same amount of volume of designed
caverns, the results show that the lowest volume change of the cavern is teardrop,
following by pear, spherical, bulb, and cylindrical shape, respectively.

Figure 26 illustrates the difference in the upper part dimension of teardrop,
spherical, and bulb shape. From comparing the teardrop, spherical, and bulb shape
which have the same cavern height, but differ in the width in the upper part of the
cavern. It can explain that if the upper part of the cavern is wider, the volume
change will increase.

In addition, if the height of the cavern is increased, the volume change tends
to be increased as the cylindrical shape has the highest height (approximate of 180
m height) among others (approximately 100 m height). In addition, the height has
more influence on the volume change than the upper part of the cavern height. As
the upper part of pear shape and spherical shape width is nearly the same, but the
pear shape has the less height compared to the spherical shape so that the volume

change of pear is lower than the spherical shape.
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Figure 26: The width dimension of the teardrop, bulb, spherical shape cavern at the

upper part cavern.

5.5 Ground subsidence

Ground subsidence is a critical value for local communities, as it affects their
lives directly, leading to damage of infrastructure and housing. As results of subsid-
ence which focus on the top surface of the model, the maximum subsidence of
each shape is shown in Table 10.

Table 10: Maximum subsidence of the top surface in each shape

Maximum subsidence of the top surface in the model (cm)

s Spherical Bulb Teardrop Pear Cylindrical
Solution mining 0.75 0.75 0.81 0.88 0.39
Brine discharge 0.86 0.86 0.93 1.01 0.54
CO; Injection 0.69 0.68 0.75 0.80 0.42
Cavern closure 1.84 1.79 1.99 2.07 1.51
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In the operation stages, the trend of the subsidence increases due to the
cavern pressure decreases in solution mining and brine discharge stage even though
the pressure inside the cavern in brine discharge stage is kept the same pressure as
solution mining at 56% of lithostatic pressure which is the effect from the rock salt
behavior, creep properties. After the CO, injection, the subsidence is decreased from
the increasing of cavern pressure that interact with the lithostatic pressure in the dif-
ferent direction (counter-balanced), whereas the subsidence trends to increase after
the cavern closure because of the creep properties. Moreover, the maximum of sub-
sidence occurs at the stage after 500 years cavern closure, where pear shape has the
maximum subsidence value of 2.07 cm. On the other hand, cylindrical shape has the
least ground subsidence (1.51 cm) among the investigate shapes.

Due to the depth of the cavern, the maximum magnitude of ground subsid-
ence predicted in the models is approximately 2 cm within the time span of 500
years can be considered insignificant and have no adverse effect on the surrounding

environments and local communities (Vattanasak, 2006).

5.6 Amount of CO, storage

From the geomechanical modeling, 0.4 million ton of CO, in Supercritical flu-
id state can be kept in 520,000 m? salt cavern. Therefore, at least five salt caverns
are needed to store all the CO, emitted from the natural gas power plant in North-

east Thailand which emits 2 million tons of CO, per year.

5.7 The optimum shape for CO, storage

The criteria used to determine which shape has the best condition for CO,
storage are safety factor and volume change. Where the ground subsidence will not
be used as a criterion because the result of ground subsidence predicted from the
models is approximately 2 cm which is negligible (Vattanasak, 2006).

For the safety factor, if the lowest safety factor of the cavern in every stage is
greater than or equal to 4 which is the recommended value for the structure using

under the difficult and environmental conditions (Maria, 2016), it will be selected as
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a candidate for finding the optimal shape and treated the same as the shape that its
safety factor is greater than 4. Moreover, the shape that exhibits the lowest volume
change will be considered as an optimum shape for CO, storage. In this case study,
the teardrop shape is the optimum shape for storing CO, in its supercritical state. Its
safety factor value is greater than 4 and it exhibits the lowest volume change of all

investigated shapes as shown in table 11.

Table 11: Comparison of the results between all investigated shapes

Safety Volume Ground
Shape . .

factor Change Subsidence

Teardrop 6.35 -0.018% 1.99 cm

Pear 5.87 0.023% 2.07 cm

Spherical 6.53 0.061% 1.84 cm

Bulb 5.85 0.151% 1.79 cm

Cylindrical a.74 -0.604% 1.51 cm

* (=) for volume decrease

(+) for volume increase
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CHAPTER 6

CONCLUSION

6.1 Conclusion

The Maha Sarakham Formation exhibits very thick rock salt layers, especially
the Lower Member. The area in the vicinity of drill hole K-89 is ideally suited for the
storage of CO, in salt caverns in its supercritical fluid state (SCF).

The modeling results show that the salt cavern stability is ensured for a time
span of at least 500 years. All the designed shapes have a safety factor value greater
than 4, making them technically viable for being used as a Carbon Dioxide Storage.
The optimum shape for storing CO, in its supercritical fluid state, maximizing the cav-
ern stability is the teardrop shape with a safety factor value of 6.36, also exhibiting
the lowest volume change (-0.018%) of all investigated shapes. Ground subsidence is
insignificant. 0.4 million ton of CO, in supercritical fluid state can be kept within the
520,000 m?> salt cavern. Therefore, at least five salt caverns are needed to store all
the CO, emitted from the natural gas power plant in Northeast Thailand. The seques-
tration process is shown to be safe and negative effects on the local communities
improbable.

This study shows that storage of CO, in salt caverns in Northeast Thailand is a
technically viable and safe solution for the reduction of anthropogenic CO, emissions

into the atmosphere.

6.2 Recommendation

1. Optimizing the layout for multiple storage caverns should be considered in future
studies, ensuring the long-term stability of all the caverns.

2. Including a well bore casing stability analysis is recommend for future studies,
since the well bore stability is also important during the operation of a CO, storage

facility.
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3. Constitutive creep laws of primary and tertiary creep stages could be included,
making the model parameters more realistic.
4. Optimizing the salt cavern for shallow depths (less than 800m depth), CO, not be-

ing in its supercritical fluid state.
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