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1. INTRODUCTION

Despite the push for the transition to renewable energy, hydrocarbons remain the world's primary
energy source, accounting for 82% of all global energy sources. Hydrocarbons’ combustion is
carbon intensive, markedly adding to global greenhouse gas (GHGs) emissions. This study
focuses on experimental carbon dioxide—enhanced oil recovery (CO—EOR) in tight reservoirs,
which provides both benefits for increasing oil recovery and reducing CO: emissions by CO:
storage. This chapter presents the CO; emission projections and discusses the methods utilized
for reducing atmospheric CO: levels. An overview of CO>—~EOR’s history, major field projects,
CO: injection mechanisms and their challenges are presented. Finally, the importance of
microscopic CO—EOR of tight rocks to exploit unconventional resources and meet the rising

global energy demand is highlighted and thesis s objectives and outline are presented.

1.1. GLOBAL ENERGY CONSUMPTION AND POPULATION GROWTH

Population growth drives the global energy demand for human activities [1]. As of August
2023, the world’s population increased by nearly 0.8% compared to 2022, bringing the
global primary energy consumption to 604 exajoules (EJ), 2.8% higher than that
consumed in 2019 [2]. The global population is estimated to increase by 25% in the next
30 years and meeting this growing energy demand will require massive expansion of
primary energy resources, including nuclear, hydrocarbon, and renewable energies [3].
Despite the global shift toward renewable energy, consumption remained to be low at
approximately 14% in 2022, showing no change from the previous year [1]. One reason
for restrained renewable energy use is referred to changing weather conditions [4].
Moreover, installing renewable energy infrastructure requires huge investments,
especially for developing countries with limited financial resources [5]. Such challenges
explain the current high hydrocarbons consumption, particularly oil, which represents
32% of the world’s 2022 energy consumption and is expected to increase by
approximately 6% in 2028 owing to continuously rising energy consumption worldwide
[6]. To the contrary, the Stated Policies Scenario indicates that the share of fossil fuels in
global energy demand is projected to decrease to 73% by 2030. This projection aligns with
most of the world government policies, directed toward green energy transition by
improving non-fossil fuel energy sources. For instance, China, one of the largest consumer
of primary energy, has experienced substantial increase in oil and natural gas consumption
over the past decade. Nevertheless, by 2028 China's energy consumption is anticipated to
shift as clean energy sources become increasingly prevalent, reducing reliance on
hydrocarbons by 100% [7].

1.2. GREENHOUSE GAS EFFECT AND GLOBAL WARMING HISTORY
Oil is highly carbon intensive releasing nearly 32% of global CO2 emissions leading to increasing
greenhouse gas (GHG) emissions, rising planet temperature, and instigating climate change [8,9].

Before the mid-20th century, CO2 emissions were below 5 billion tons (Gt) with atmospheric
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average CO; concentration at 300 parts per million (ppm). Consequently, earth’s temperature rise
was below 0.5°C [10,11]. Global CO; emissions increased to 35.1 Gt in 2022 due to growing
reliance on hydrocarbons as the primary energy source [12]. Subsequently, atmospheric CO2 level
increased over 40% compared to that in 1900s, increasing the earth’s temperature approximately
0.91°C in 2022 [13].

Radiative forcing is a term used to measure climate change caused by imbalanced incoming solar
and outgoing reflected radiation due to GHG. Radiative forcing is expressed in watts per square
meter (W/m?) [14]. The Intergovernmental Panel on Climate Change (IPCC) used Radiative
forcing to choose four representative concentration pathways (RCPs) for climate change forecast
[15]. Models RCP2.6, RCP4.5, RCP6, and RCP8.5 correspond to 2.6, 4.5, 6, and 8.5 W/m? of
radiative forcing [16]. RCP2.6 shows the most optimistic scenario projecting CO> concentrations
near current levels (approximately 400 ppm) throughout the century, leading to global net zero
emission by the century’s end. RCP8.5, the worst-case scenario, predicts three times more CO»
concentration compared to current levels, increasing the global temperature by 4°C by the
century’s end [17]. The Organization for Economic Co-operation and Development links gross
domestic product (GDP) to climate change and they forecast that rising global temperatures may
reduce the global GDP by 10% in 2100 if RCP8.5 scenario is adapted [18]. Therefore, reducing
CO; emissions and keeping the average global temperature below 1.5 °C as recommended by

IPCC [19] without scarifying the global energy demand is essential.

1.3. CO: EMISSIONS MITIGATION APPROACHES
Various methods can be implemented to mitigate rising atmospheric CO» concentration. These
are listed as follows:
o Straightforward reduction of fossil fuels consumption, but this is considered to be
challenging, given the increasing demand and population growth.
o Use of forests as natural carbon sinks. As of March 2023, the European Parliament, and
the European Council approved rules to expand European Union forests by around 15%
to remove 310 million tons (Mt) of carbon dioxide equivalent annually by 2030 [20].
e Implementation of a carbon tax. Industries in the Netherlands were subject to a carbon tax
of €30 per ton of CO> emission in 2021, which will ultimately escalate to €125 per ton in
2030 [21]. Canada also proposed a carbon tax of C$30 per ton of CO; in 2018 [22].
However, we believe this approach will suppress the energy supply, especially with
limited use of renewable energy.
e CO; geological storage. This process involves capturing and storing CO; in depleted

reservoirs and geological structures, including coal beds, geothermal sites, and saline



aquifers [23,24]. Saline aquifers are the most widely used storage sites worldwide due to
their storage capacities ranging from 400 to 10,000 Gt [25,26].

e CO2-EOR as a dually beneficial process. Use of this process will aid in reducing CO»
emissions and increasing oil recovery. Nevertheless, many argue that CO2—EOR only
serves the latter purpose, since it emits CO> during the production life cycle making it
incapable of reducing emissions [27]. It is reported that United States (U.S.) CO>—EOR
usage ranges from 300 to 600 kilograms (kg) of gas per oil barrel produced, while an
average oil barrel releases about 500 kg of CO: during production, processing,
transportation, and combustion [28]. However, CO>—EOR is a closed-loop process in
which part of the injected CO2 remains in the reservoir and the released COz through
production is separated and reinjected, leading to permanent storage [29,30]. Therefore,
CO,-EOR can be considered carbon—negative throughout its operational lifespan. In
contradiction, Farajzadeh et al. [31], concluded in their study of several pilot field
examples to examine whether CO: can be stored efficiently by using CO>—EOR, that CO»—
EOR with a storage option is unsustainable as the process consumed more energy, hence,
emitting more CO; during the capturing and injection processes. They also stated that a
combination of CO>—EOR and storage yields 30-40% less exergy compared to a COx—

EOR option that receives CO2 from a natural source.

1.4. OILRECOVERY METHODS

Oil field production involves three recovery stages namely primary, secondary, and tertiary [32].
During primary recovery, oil flows naturally from the reservoir to the surface due to several drive
mechanisms, including the gas cap drive, water drive, solution gas drive, rock and fluid
expansion, and gravity drainage [33]. Oil recovery at this stage varies according to the reservoir’s
characteristics and, on average, amounts to around 10% of the original oil in place (OOIP) [34].
As reservoir pressure declines, the energy in the reservoir is insufficient to drive fluids to the
surface; hence, secondary recovery methods are implemented. Secondary stage includes the
injection of water or gas into the pressure-depleted formation to increase reservoir pressure and,
ultimately, enhance oil production [35]. Nevertheless, oil remaining after primary and secondary
methods is quite high amounting to 60% to 80% of the OOIP due to poor volumetric (Ey) and
microscopic displacement efficiencies (Ep) [36].

Tertiary recovery or EOR methods are implemented at later stage to maximize recovery efficiency
(Er) by improving Ey and Ep, targeting the oil remaining after the first two recovery stages [37].
It is worth mentioning that £y measures fluid vertical and areal sweeps while Ep evaluates oil

mobilization at the pore scale [38]. EOR methods are classified into thermal methods, such as



steam injection and in-situ combustion; chemical methods, such as surfactant, polymer flooding
or combination of both; and miscible or immiscible gas injection modes using natural gas, CO2
or nitrogen [39]. The choice of the injection mode or gas type is based on availability and
economic feasibility, in-situ oil properties, and reservoir conditions [40].

Several factors are considered when EOR process is to be implemented. Mobility ratio (M), a
dimensionless number that relates the mobility of the injected fluid to the mobility of in-situ fluid,
is a crucial factor to be considered in evaluating the success of displacement efficiency or EOR
methods implemented. Favorable displacement occurs when M < 1, indicating that the displacing
fluid has less mobility than the in-situ fluid [41]. Conversely, unfavorable displacement occurs
when M > 1, indicating that the displacing fluid moves faster than the in-situ fluid, resulting in
poor displacement due to viscous fingering [42]. Another factor is the capillary effect that may
entrap the residual oil and needs to be reduced. Chemical or thermal EOR can be implemented to
overcome these challenges by lowering the oil viscosity to provide favorable displacement,
reducing oil-water interfacial tension and altering rock wettability to overcome the capillary
entrapment [43]. Gravity override is another unfavorable displacement phenomenon occurs
during gas injection when less-dense fluid such as the injected gas flows at the top of the reservoir
bypassing the in-situ fluid at the bottom [44]. To mitigate this challenge, water alternating gas
(WAGQ) injection or foam is implemented to improve the sweep efficiency [45]. Gas injection can
be efficient in low permeability reservoirs because of its high microscopic displacement
efficiency at the pore level. This work investigates the microscopic displacement efficiency of

tight sandstone reservoirs using CO>—EOR process.

1.5. CO: INJECTION MECHANISM

CO>—EOR is a win-win approach in which concentrated CO; is separated from industrial and
natural point sources and injected into the depleted oil fields to increase oil recovery and reduce
CO; emissions through underground CO> entrapment. Knowledge of CO; properties is essential
to understand the CO; injection mechanism. Under ambient conditions, CO> is approximately 1.5
times heavier than air and its critical pressure and the temperature at which its gaseous and liquid
forms coexist are 1,070.6 psi (73.8 bar) and 300.25°K (31.1°C). Above these values, CO2 becomes
supercritical maintaining its viscosity but with increased density [46].

CO2-EOR is conducted in miscible or immiscible modes depending on the in-situ fluid properties
and reservoir characteristics [47]. In both modes, COz injection provides a good displacement by
swelling the in-situ oil, reducing its viscosity, and lowering the interfacial tension between CO2
and the in-situ oil [48]. In miscible injection, the interfacial tension between the injected CO; and

the in-situ oil vanishes and forms a single phase [49]. Therefore, miscible CO,—EOR has higher



incremental oil recovery ranging from 75% to 90% OOIP, compared to 30% to 40% OOIP for
immiscible CO> injection mode [50]. CO2—oil miscibility can result in first-contact or multi-
contact [51].

Incremental oil recovery during CO>—EOR varies depending on factors such as channeling,
viscous fingering, and gravity override [52]. Channeling occurs when the injected CO> flows
through highly permeable streaks or natural fractures [53] leading to early CO> breakthrough and
low oil recovery. Viscous fingering refers to viscosity difference of the injected CO> compared to
the in-situ oil, resulting in low oil recovery due to unfavorable mobility ratios [54]. Gravity
override may occur during CO; injection, especially during the immiscible injection process, due
to density difference between the injected CO and the in-situ oil [55]. Given these challenges,
selecting the optimal CO» injection method is essential for maximizing oil recovery. Therefore,
various injection schemes are performed in both miscible and immiscible CO; injections [56—60].
These are listed as:

e Continuous secondary injection referring to direct CO; injection at initial oil saturation.

e Continuous tertiary injection involving CO; injection at residual oil saturation following
secondary waterflooding.

e WAG injection in which gas and water are injected at different WAG ratios and slug
sizes. This scheme is implemented to mitigate mobility problems.

o Qas assisted gravity drainage (GAGD) where gas is injected above the target formation
to sweep in situ oil downward towards horizontal production wells using gravity.

e Carbonated water injection (CWI) in which COz-enriched brine is injected to improve
oil mobilization by increasing the density and viscosity of injected fluid thereby
reducing the channeling and gravity segregation.

e (CO; foam injection conducted by mixing gas, surfactant, and water to create a series of
dispersed CO> droplets separated by surfactant-stabilized lamellae forming a foam slug
ahead of the injected gas for stable gas displacement.

This work aims to investigate the efficiency of the first two schemes in both miscible and
immiscible injection modes.

1.6. CO:-EOR IN TIGHT RESERVOIRS

The petroleum industry has successfully applied CO,—EOR for almost fifty years [61,62]. After
Whorton et al.’s patent in 1952 [63], the first pilot field test of CO2 and carbonated water injection
was performed in 1964 in the Mead—Strawn Oilfield, U.S.A., resulting in oil recovery ranging
between 53% to 82% OOIP [64]. The first commercial CO2—EOR project was started in 1972 at
the Scurry Area Canyon Reef Operator’s Committee unit of Kelly—Snyder Field, Texas producing



over 28,000 barrels of oil daily (bbl/d) [65,66]. These successful stories promoted the U.S. CO>—
EOR projects to 142 in 2021, with an incremental oil production of approximately 273,000 bbl/d
and an approximate total CO; storage of 1.6 billion cubic feet daily [67].

Globally, over 166 CO>—EOR projects exist and they are producing an estimated 500,000 bbl/d,
estimated to supply 375 billion barrels of oil and geo-storing approximately 360 Gt in the next 50
years [68,09]. Famous world CO,—EOR projects are the Weyburn-Midale project in Canada,
Petrobras Lula oil offshore field in Rio de Janeiro, Brazil, and Croatia Ivanié¢ and Zutica oil fields
[70].

Low-permeability tight oil reservoirs have become a significant source of U.S. oil, with an
estimated recoverable reserve of 195 billion barrels [71]. The U.S. tight oil production increased
from about 0.5 million bbl/d in 2010 to over 7 million bbl/d in 2022, almost 66% of the U.S.’s
total crude oil production [72]. This success triggered the global interest in unconventional oil
and gas resources to meet the rising energy demand. It has been agreed that unconventional (tight)
reservoirs are those of permeability value (k) < 0.1 mD [73]. Such cut-off value could affect the
understanding of flow behavior in tight reservoirs due to their heterogeneous pore systems,
presence of various clay minerals, and high capillary forces [74]. Pore systems are classified into
macro-, meso- and micro pores [75]. Macropores are mostly voids between detrital grains that
form during the depositional process while micropores are those formed before and during the
burial process and commonly found between detrital grains, authigenic clay minerals, and
weathered mineral products [76]. Cementing materials presence can obstruct fluid transport by
bridging and clogging pore networks and reducing porosity and permeability [77,78].

It is noteworthy that capillary force is inversely related to pore throat size [79]. Following
Nelson’s pore system classification, pore bodies under 10 microns and throats with diameters
under 1 micron are microporous and characterized by bound fluid due to high capillary pressure
[80]. Macro- and mesopore systems are characterized by pore bodies exceeding 30 microns and
throat diameters over 1 micron where fluids move freely in large pores due to low capillary
pressure.

One applied completion technique in tight reservoirs is horizontal multistage fracturing (MSF)
[81]. The average oil recovery of MSF is under 10% of the OOIP [82]. Consequently, different
recovery methods can be implemented to recover the significant quantity of oil remaining.
Waterflooding is unsuitable for tight reservoirs due to its low injectivity and unfavorable Ep [83].
Additionally, clay’s expansion during waterflooding can lessen permeability by blocking pore
throats and preventing water movement within rock pores [84]. In addition, narrow pore-throats

and high interfacial tension between the displacing and the displaced fluids tend to increase the



capillary forces, leading to significant residual oil entrapment due to the high capillary forces
[85,86] especially in water-wet systems [87]. The capillary forces effect can be characterized by
the dimensionless capillary number (Nc); which relates viscous to capillary forces. High Nc leads
to high Ep for a given recovery method [88].

Tight reservoirs have low petrophysical properties and complex pore structures and gas flooding
is believed to be effective in increasing the capillary number and ultimately improving the oil
recovery of these reservoirs. COz injection is usually used due to its low cost compared to other
gases, high injectivity compared to waterflood, and the need to mitigate atmospheric GHGs via
underground CO> storage [89]. CO> displacement mechanism in tight reservoirs is negatively
affected by CO; early breakthrough and water-blocking [90]. CO: early breakthrough occurs
when the injected CO; favors the macro-pore system characterized by less-resistant paths failing
to reach the oil in the micropore system due to the high capillary pressure, resulting in low oil
recovery. After waterflooding, the injected brine surrounds the remaining oil in large pores,
resulting in a phenomenon called water-blocking, where water prevents the injected CO> from
interacting with the in-situ oil due to the high capillary forces between brine and CO> resulting in
poor displacement efficiency [91]. The high capillary pressure can also hinder CO> displacement
in small pores. In a study conducted on tight sandstone of Chang-8 formation, China the micro-
residual oil during WAG flooding was investigated using Micro-computed tomography (Micro-
CT) and digital core technology. Results indicate a higher oil displacement from larger pores. The
oil remaining exists in discontinuous form mainly dispersed or as thin films within large pores in
addition to continuous oil trapped by the tight throat of the small and medium-sized pores [92].
The efficiency of implementing CO>—EOR process in tight reservoirs and its ability to meet the
ever-growing energy demand and control of CO; emission is still at its early stage. Therefore,
there is a need for further investigation to shed light on pore fluid distribution and fluid
mobilization during CO2 displacement in different complex pore systems. In this work, different
modes and schemes of CO,—EOR were conducted, and Nuclear Magnetic Resonance (NMR) tool
was utilized to assess the contribution of both macro and micro pore systems in overall oil

displacement and CO; entrapment.

1.7. THESIS OBJECTIVES

CO>—EOR proved to be effective in conventional reservoirs; however, the main challenge in tight
reservoirs is the complex nature of pore systems and the contribution of micropores in overall
fluid displacement so the question underlying this work is: Can CO>—EOR be effective in tight

rocks?



This research work intends to investigate oil mobilization in micropore systems during CO-
injection and to identify the optimal injection mode and schemes for better recovery in tight
reservoirs. The findings will contribute to the broader understanding of CO>—EOR and CO»
geological sequestration in tight rocks in addition to their use as input parameters for future lab-
and field-scale flow modeling. The following are the main objectives listed for this work:

e Determine the pore framework of multiple tight sandstones to be subjected for
microscopic CO: injection using the mineralogical, elemental, petrographic and
petrophysical measurements utilizing X-ray Diffraction (XRD), X-ray Fluorescence
(XRF), thin section, Scan Electron Microscopy (SEM), Micro-CT, NMR, and Mercury
Injection Capillary Pressure (MICP) to answer the following questions: What are the pore
size distributions of the investigated tested tight sandstones? and how clay content, type
and size affect these micro-pore bodies and throats?

o Assess pore fluids distribution (PFD) using centrifuge displacement and NMR
measurements to answer the following questions: What are the contributions of micro and
macro pores in overall fluids displacement? and what are the criteria to be used to
determine the best tight sandstone candidate for CO; injection?

o Evaluate the effectiveness of different miscible and immiscible CO: injection schemes to
displace oil from tight sandstones using flooding runs and NMR to answer the following
questions: Can injected CO> mobilize the micropore 0il? Do results differ using the tested
flooding schemes? If so, why? and what injection scheme is more efficient in displacing

the resident o0il?

1.8. THESIS OUTLINE

This dissertation is based on three journal articles and one conference presentation. The document
is divided into five chapters. Chapter 1, the introduction, discusses the dual benefits of using
CO2-EOR to meet energy demands and reduce CO> emissions. It highlights the importance of
exploiting tight reservoirs to meet rising energy demands and surveys CO>—EOR’s challenges in
tight reservoirs. Chapter 2 presents mineralogical and petrophysical investigations of three tight
outcrop sandstones (Bandera, Kentucky, and Scioto) to determine the most suitable one for
microscopic CO» injections in tight sandstones. This includes determination of pore framework
of the three sandstones, clay minerals’ (content and type) impact on rock’s micro- and macropore
systems and evaluate the proportion of micro and macropores to overall pore system of each
sandstone. Chapter 3 covers the tight sandstones pore—fluid distribution to determine the CO»
storativity and confinement within the various pore systems and the contribution of micropore

system in overall fluid displacement. Based on chapters 2 and 3, Scioto sandstone was selected



for CO,-EOR and Chapter 4 was devoted to assessing the oil recovery of miscible and
immiscible secondary and tertiary CO; injection schemes to evaluate their microscopic
displacement efficiency. Finally, Chapter 5 summarizes the conclusions obtained and

recommends possible future work.
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2. PETROGRAPHIC AND
PETROPHYSICAL
CHARACTERIZATION

Previously we highlighted the significance of using CO>—EOR in conventional oil reservoirs to
fulfill energy requirements and reduce CO> emissions. However, the question arises, can this
method be effective in tight reservoirs? To answer this, a set of mineralogical, elemental and
petrophysical rock analyses is crucial in understanding the pore systems, which further helps in
evaluating the effectiveness of CO. injection in tight rocks. This chapter investigates the impact
of clay minerals on the pore framework of tight sandstone in order to relate that to the CO>
displacement efficiency in tight reservoirs. several experimental techniques were used, including
routine core analysis, XRD, XRF, thin sections petrography, SEM and capillarity/pore size
distributions using MICP, NMR, and Micro-CT. Three tight sandstones have been investigated,
and results indicate that presence of clay in form of fibrous illite, acting as pore bridging in
Bandera and Kentucky sandstones, have blocked the overall micro-pore throats. On the other
hand, absence of fibrous illite and the presence of illite platelets in Scioto sandstone preserved
the sample’s micro-pore throat system. Dimensionless micro-pore throat modality, defined as the
ratio of micro-throat size to macro-pore throat size, was developed and it shows the highest value
of 1.44 for Scioto sandstone indicating the contribution of both macro- and micro-pore systems
to fluids flow. Therefore, the mitigation of oil bypass from smaller pores is the key criterion in
selecting the proper recovery method. Results show the effect of clay mineralogy on pore system
considering a part of the physical and spatial properties the pore/grain framework of the tight

sandstones.

The content of this chapter is based on the below publications:

Al-Kharra'a, H.S., Wolf, K.H.A., AlQuraishi, A.A., Mahmoud, M.A., Deshenenkov, I.,
AlDuhailan, M.A., Alarifi, S.A., AlQahtani, N.B., Kwak, H.T. and Zitha, P.L.J., 2023. Impact
of clay mineralogy on the petrophysical properties of tight sandstones. Geoenergy Science
and Engineering, 227, p.211883.

AlKharra’a, H.S., Wolf, K.H.A., Kwak, H.T., Deshenenkov, I.S., AlDuhailan, M.A., Mahmoud,
M.A., Arifi, S.A., AlQahtani, N.B., AlQuraishi, A.A. and Zitha, P.L.J., 2023, January. A
Characterization of Tight Sandstone: Effect of Clay Mineralogy on Pore-Framework. Paper
presented at The SPE Reservoir Characterization and Simulation Conference and Exhibition,
Abu Dhabi, UAE.

17



2.1. INTRODUCTION

Tight reservoirs are one of the main types of unconventional resources. They are categorized as
shale, sandstone, or carbonate rocks with low permeability and porosity [1]. In the 1970’s, the
U.S government classified tight reservoirs as those with permeability values less than 0.1 mD.
This was considered in order to make well development eligible for federal-state tax relief [2].
The National Resources of Canada (NRC) defined tight oil reservoirs as petroleum resources
producing economically via hydraulic fracturing techniques regardless of the type of lithology
[3]. Several researchers used porosity (¢) and permeability (k) as threshold cut-off to characterize
tight reservoirs and they classify tight as reservoirs characterized with ¢ < 10% and k < 0.1 mD
[4,5].

Flow behavior in tight reservoirs is complicated because of their pore system (bodies and throats)
heterogeneity formed during depositional and diagenetic processes [6]. Geological and
petrophysical rock characterization can help understand the pore systems and thus enable a better
description of the flow processes involved in the production operations [7]. Although many
industry professionals and researchers classify tight reservoirs based on a permeability threshold
of 0.1 mD, investigating the complex pore size distribution should be considered as an essential
key in tight reservoirs classification. Spatial correlations of pore throats and bodies are most
relevant parameters for permeability in tight rock characterization. Smaller throat sizes lead to
higher capillary pressures obstructing the fluid mobilization [8,9]. The knowledge of the pore
throats and bodies systems (structure, distribution, etc.) is of crucial importance for the
exploration and development of tight hydrocarbon reservoirs. For this reason, various techniques
such as MICP, Micro-CT scan, and NMR are commonly used in petrophysical analysis to
examine the pore system of reservoir rocks with varied limitations for each technique when
applied to tight rocks.

Micro-CT scanning is a non-destructive method utilized to characterize and determine high-
resolution images of pore systems. Nevertheless, small sample sizes are be used to obtain higher
resolution [10]. Several studies reported Micro-CT scanning of tight rocks with resolutions
ranging from 5 to 8 microns, which enabled smaller grains and micro-pores to be recognized
[11,12]. MICP technique is commonly used to obtain the distribution of pore-throat size of rock
specimens. It estimates the distribution of pore volume by injecting mercury under elevated
pressure. MICP works well in tight rocks as it is capable of measuring pore-throat size down to
around 0.003 microns [13]. It is noteworthy that MICP is a destructive technique with both
environmental and health concerns that need to be properly addressed [14]. It is worth mentioning
that both Micro-CT and MICP techniques are at laboratory scale, while NMR method is applied
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at both field and laboratory scales [15]. The NMR method characterizes the distribution of pore
size and estimate the porosity of rock saturated with water or oil [16]. The relaxation time (T>) is
generated by NMR measurements and proportional to pore size, where larger pores depict longer
T values, and small pores show shorter T> values. The NMR porosity represents the area under
the NMR T spectrum [17,18]. Estimated NMR porosity in rocks of various permeability values
ranging between 0.07 and 4,450 mD are in good agreement with that measured by helium
porosimeter [19].

Centrifuge and NMR techniques were utilized to estimate the connate water and pore fluid
distributions for the Middle Bakken formation [20]. It was observed that oil tend to occupy larger
pores while water resides in smaller pores. NMR measurements can determine fluid volumes of
core samples by knowing the T» cut-off value. In order to estimate the T cut-off for given sample,
T relaxation is measured before and after the drainage displacement process. T» cut-off value is
related to rock mineralogy [21,22]. Many studies recommended using the standard cut-off value
of 33 ms for sandstone samples; however, the mineral composition of sandstone can vary
significantly. Thus, using the standard cut-off value can result in pore volumes misinterpretation
[23]. Therefore, mineralogical composition has a vital role in the determination of a sandstone
fluid distribution and hence pore framework.

In one study the quartz overgrowth affected the petrophysical properties of Fontainebleau
sandstone by reducing both porosity and permeability [24]. Other minerals present such as
accessory oxides, clays and feldspar were mostly included in the quartz overgrowth. Various
types and abundances of clay material can bridge and even clog the pore networks preventing the
fluid transport. In addition, distribution of the clays varies from reservoir to reservoir that makes
2D and 3D microscopy analysis of the core material a key factor for both successful oil and gas
exploration and development campaigns [25].

The presence of clay minerals lowers the rock quality in sandstones [26]. Porosity and
permeability reveal an inverse relationship with the total clay content [27,28]. Presence of fibrous
illite in Rotliegend sandstone contributes negatively to permeability [29]. On the other hand,
kaolinite clay minerals reduce porosity in sandstone while it has less effect on permeability [30].
Previous works investigated the impact of clay minerals on pore structure in sandstone rocks
[31,32], nevertheless, detailed analyses of the effect of clay contents (type and size) on the micro-
pore bodies and throats and relating them to the microscopic displacement efficiency of the
micropore system in tight sandstone rocks are still not fully discussed.

In this work, three representative tight sandstone namely, Scioto, Bandera and Kentucky were

characterized. Measurements and quantifications of the mineralogy accessory of the three
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outcrops samples were conducted utilizing several imaging techniques (Micro-CT, XRD, SEM
and petrographic thin sections). This multiple approach allows us to acquire mineral type and
content at different resolutions. A set of experimental tests was performed by using a helium
porosimeter, gas permeameter, MICP, NMR, and Micro-CT imaging, to determine key
petrophysical parameters of the three sandstone samples and to establish the effect of clay
mineralogy and contents on the pore framework of tight sandstone reservoirs. A new
dimensionless number is established to characterize pore throat’s heterogeneity and their control
on fluids flow at different pore levels during the recovery processes in tight sandstones helping

in better planning of such processes.

2.2. MATERIALS AND METHODOLOGY

2.2.1. CORE SAMPLES

Three outcrop sandstone samples, namely Bandera, Kentucky, and Scioto were obtained from
different quarries by Kocurek Industries company™, Caldwell, TX, US. Figure 2.1 is maps of the
area where samples were collected. It is important to state that these outcrops are not
representative of any hydrocarbon reservoir and the rocks of such outcrops are usually applied in
petroleum engineering labs for research purposes due to their homogeneous clean nature [33-37].
All samples are originated during the Carboniferous period in a fluvial depositional system and
characterized with low porosity impacted by their burial history.

Bandera sandstone, located in Southeastern Kansas, is a member of Bandera shale formation that
was deposited during the Desmoinesian age of the middle Pennsylvanian subsystem (323-299
Ma) [38,39]. It is a brown, thin-bedded sandstone with outcrop thickness of 0 — 10 m. The original
fluvial depositional environment is fine-grained, and poorly-sorted [40-42]. Kentucky sandstone
is light grey excavated from the western portion of the Kentucky Coal Field. It belongs to the
Caseyville formation that was deposited during lower Pennsylvanian time [44-48].

Finally, Scioto sandstone samples were acquired from the Buena Vista member near McDermott,
southern Scioto County, Ohio. This member is part of the lower Mississippian Cuyahoga
formation covering the western part of Appalachian basin and has been deposited as deltaic
turbidite deposits [49-51]. Scioto sandstone is blue grey, consisting of mostly coarse silt or fine
sand and generally characterizes as well-sorted [52]. Stratigraphic columns of the tested

sandstones are presented in Figure 2.2.
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Figure 2.1. Location of the sandstone samples of (a) Bandera, (b) Kentucky, and (c) Scioto [43].
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[54], and (c) Scioto [55].
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2.2.2. EXPERIMENTAL DATA COLLECTION AND PROCESSING

Dry samples with radius of 3.8 cm and length of 4 cm were vacuumed for two days at 75°C and
samples effective porosity was measured at 20°C using helium porosimeter. Permeability was
determined using gas permeameter corrected to Klinkenberg liquid permeability. Petrographical
and morphological analysis of the investigated samples were conducted using Micro CT, SEM,
and thin-section imaging. Thin sections of ca. 3 cm? area were prepared from the end trim of the
three sandstone plugs by using polarization microscopy. Image analysis program (Image J) was
applied to analyze and quantify the characteristics of the 2D images to evaluate the mineralogy,
mineral distribution, textures, and porosity with resolution down to 1 micron [56-60]. A thin disk
of circa 5 mm in thickness and a volume of ca. 10 mm? solid rock volume was then prepared to
provide a sub- nano-meter range resolution image using TESCAN™ SEM/EDX (model MIRA3).
This helps in distinguishing the growth and interaction in and between mineral grains in addition
to pore morphology [61,62].

For spatial 3D texture quantification, Micro-CT scanning with a 3D X-ray Microscope Zeiss™
Xradia Versa-620 was used on cylindrical plugs. The measurements were carried out by using a
100 kV/7 W X-ray source, providing 5001 slices. The resolution of the Micro-CT depends on
sample shape and volume; therefore, different size cylindrical plugs were prepared to obtain a 5-
micron voxel size. Samples size is listed in Table 2.1. Pore structure characterization was

performed using the maximum ball method [63,64].

Table 2.1. List of plug samples with corresponding dimensions and Micro-
CT scan voxel size.

Sample  Resolution NY  NX Nz Length Diameter

size size

(um/voxel)  (voxel) (voxel) (voxel) (mm) (mm)

Bandera 5 761 828 836 3.81 4.14
Kentucky 5 709 717 715 3.55 3.59
Scioto 5 709 717 715 3.55 3.59

Elemental and mineralogical analyses (XRF and XRD measurements) were performed on grinded
samples. XRF measurements were conducted using Rigaku™ NEX CG instrument with a
maximum voltage of 40 kV and current of 1 mA. Data acquisition and elements evaluation was
completed with QuantEZ software. XRD measurements were obtained with a Rigaku™ ULTIMA
IV powder X-Ray diffractometer using a Cuka source at 40 kV and 40 mA with a 26-range of
3°-100° at 0.02° step size within 8 minutes.
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NMR measurements were conducted using a 2 MHz Oxford™ Instruments GeoSpec 2-75
equipped with Green Imaging Technologies (v6.1) software. The NMR measurements were done
by the Carr-Purcell-Meiboom-Gill (CPMG) pulse [65]. The main acquisition parameters used in
these experiments are listed in Table 2.2. Three vacuumed samples were saturated with 3%
Potassium chloride (KCL) brine and subjected to NMR measurements. KCL was used in this
work to mitigate any damage to rocks samples [66]. A Centrifuge at 4,000 revolutions per minute
(rpm) was then used to desaturate the samples with air as the displacing phase and another NMR

measurements was conducted to determine the movable and immovable fluid volume.

Table 2.2. Main parameters of NMR acquisition.

Parameter Value
Echo spacing time 0.11ms
Signal to Noise Ratio 150
Total number of scans 32
217,272

Number of Echoes

Maximum T, 300 ms

Micrometrics Auto Pore V 9600 was used for MICP analysis. The experiments were conducted
to estimate the distribution of throat size distribution through drainage capillary pressure
measurement. The instrument measures pore throat diameters between 0.003 to 500 microns by
incremental injection pressures up to 4,137 bar (60,000 psia). In order to preserve the clay

structure, the test was conducted on dry cylindrical 1.27 x 1.27 cm plugs.

2.3. RESULTS
2.3.1. POROSITY AND PERMEABILITY

The estimated permeability and porosity of investigated samples are listed in Table 2.3.

The results indicate that Scioto and Kentucky have close petrophysical properties. Bandera on the

other hand shows a better reservoir quality with higher porosity and permeability.

Table 2.3. Porosity and permeability values of core samples. All core samples
have diameter of 3.8 + 0.1 cm and length of 3.9 £ 0.1 cm.

Sample Porosity Permeability
(vol.%) (mD)
Bandera 244+0.2 2412+15
Kentucky 15.0+0.1 0.98+0.1
Scioto 175+0.1 1.21+0.1
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2.3.2. PETROGRAPHY AND MINERALOGY

Petrographic and mineralogical analyses were determined with thin-sections (Polarization
microscopy), SEM and XRD techniques. SEM and thin-section results show moderately well
sorted grains of medium silt to fine sand sizes of 30 to 120 microns (on average, 110 microns) for
Scioto sandstone. The grain shape is subangular to subrounded with predominantly point to face
grains contact. Based on point counting, Scioto sandstone shows a visible intergranular porosity
of 24% (Figure 2.3a).

Figure 2.3. Thin-sections showing the textural properties of (a) Scioto exhibiting coarse silt to fine-
sized grains. Lithics (L) exists and illustrated as dirty brown colors. Straight edges are seen as a
result of quartz overgrowths (QO) around elongated quartz grains (Q). Feldspar weathering is
shown as (F). Dark color indicates sample matrix (M) and moderately visible pores are denoted as
(P), (b) Bandera showing angular to sub-rounded, well sorted fine grains with QO around the
original grains. Visible primary pore spaces are clearly recognizable, (c) Kentucky showing poorly
sorted, medium to coarse silt size sediments. Some QO around grains are seen but no visible pores
exist.
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SEM micrographs of Scioto revealed a pore-lining illite platelets coating the quartz grains (Figure
2.4a). Point counting (300 points) shows grain framework composed of circa 44 % quartz, 14 %
lithics, and < 1% feldspar, where the rock fragments are composed of metamorphic and

sedimentary rocks, with a minor amount of volcanic rock fragments.
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Figure 2.4. SEM images representing: (a) Scioto showing pore-lining with illite platelets and
visible micro-pores, (b) Kentucky showing pore bridging with filamentous illite, (c) Bandera
showing sharp surface as a result of the quartz overgrowths and visible pores between elongated
grains, and top partly weathered feldspar with clays, (d) Kentucky showing books of kaolinite
occluding pores, and (e) Bandera showing circular chlorite filling micropores.
Based on the textural maturity classification by Folk [67], Scioto’s grains are subrounded and
moderately sorted with low amount of clay content. Therefore, the sandstone can be classified as
submature sublitharenite (Figure 2.5) [68,69]. Bandera sandstone has a grain framework
comprising of 64% quartz, 2% feldspars and 1% lithic fragments, classifying the sandstone as

quartzarenite, according to the triangle of Folk [69].
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The rock fragments of Bandera sandstone include metamorphic, sedimentary, and minor volcanic
fragments. The existing mica consists of 8 % muscovite (with an average of 2.8%) and trace
amount (<1%) of biotite. Particle size revealed fine to very fine-grained, between 30 and 180

microns (average size of 87 microns), moderately to well sorted.

Qua riz Quartzarenite

Subarkose Sublitharenite

N Lithic feldspathic\ i
Arkose Arkose litharenite \ litharenite

Lithic

Feldspar
fragment

XBandera A Kentucky mScioto

Figure 2.5. Classification of sandstone after Folk criterion, where Bandera
and Kentucky sandstones could be classified as quartzarenite, while Scioto
sandstone can be classified as Sublitharenite [69].

Grains are mainly sub-angular to angular exhibiting long grain contacts (Figure 2.3b). Booklets
of Kaolinite were recognized by SEM images with ranges of 5 microns to 10 microns in size
(Figure 2.4d). Such booklets can partially or completely reduce porosity in general and micro-
porosity in specific. Additionally, SEM images shows clear kaolinite ‘books’ and filamentous
illite overlying the quartz and preventing its overgrowth (Figure 2.4c). Visible pores between
grains were clearly observed in thin-sections and SEM images shown in Figures 2.3b and 2.4c,
respectively.

Kentucky sandstone shows moderately to poorly sorted coarse silt-size grains of 55 microns on
average. The grains are largely subangular to angular in shape with clay minerals filling the spaces
between grains indicating that the sample has a matrix supported fabric (Figure 2.3c). SEM
images demonstrate the existence of fibrous illite acting as pore bridging (average 0.25 micron
wide). Fibrous illite tend to reduce the sandstone permeability due to the partial pore throats
blockage (Figure 2.4b). Mineralogically, Kentucky consists of 58% quartz, 1% feldspars, 1%
lithic fragments, and 20% mica. The grains contacts are long to concave-convex contact planes.

Thin-section images show intergranular porosity of 14% with unclearly observed micro-pores.
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XRD and XRF results are summarized in Tables 2.4 and 2.5, respectively. The results show high
percentages of quartz, 89.2, 77.1, and 64.2% for the Scioto, Kentucky, and Bandera sandstones,
respectively. Bandera sandstone has a total clay content of 14.3% comprised of illite, kaolinite,
and chlorite. Total clay contents of Kentucky and Scioto sandstones are 3.6 and 4.1%,
respectively. Illite is the prevailed clay mineral in the three sandstones investigated measuring
6.4%, 3.6% and 2.2% for Bandera, Kentucky, and Scioto, respectively (Figure 2.6).

Table 2.4. Mineralogical Compositions of the tested sandstone
samples (wt%).

Mineral Bandera Kentucky Scioto
Quartz 64.4 77.1 89.2
Plagioclase 12 10.2 2.1
Ilite 6.4 3.6 2.2
Kaolinite 45 0 1
Chlorite 3.4 0 0.9
Anhydrite 3 3.6 3
Halite 1.4 0.8 0.2
Hematite 1.2 0.3 0.5
Orthoclase 1 2.8 0.7
lImenite 1 0 0
Pyrite 0.8 0 0
Siderite 0.5 0.7 0.2
Dolomite 0.4 0.9 0

Table 2.5. Elemental compositions of Bandera, Kentucky, and Scioto sandstone samples

0,
(Wst,;?r){ple ALO; SiO; TiO; Fe,0s MnO MgO CaO NaO KO POs SOs
Bandera 493 7990 049 302 086 116 150 092 071 012 187
Kenucky 288 8825 059 081 013 031 191 076 083 005 181
Scioto 120 9321 050 081 010 030 128 038 031 01 120
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Figure 2.6. Ternary diagrams of the tested sandstone samples representing: (a) minerals content
and (b) clay minerals content.

2.3.3. PETROPHYSICAL MEASUREMENT

MICP, Micro-CT, and NMR were conducted to investigate the impact of clay minerals on micro-
pore bodies and throats. According to Nelson’s pore system size distribution, micro-porosity is
assigned to pore bodies smaller than 10 microns, and micro-pore throats have throat diameters
smaller than 1 micron. However, the macro-, and meso-pore systems are applied to pore bodies
exceeding 30 microns and a throat diameter larger than 1 micron [70]. Micro-CT scan results
were utilized for the three sandstones (Figure 2.7a). All sandstone samples show broader pore
size spectrum with Bandera displaying relatively dispersed pore body distribution between 5 to
50 microns (averaging 24.4 microns). Kentucky and Scioto exhibit almost similar pore body size
distribution with 5 to 28 microns (averaging 16.8 microns) for Kentucky, and 5 to 30 microns
(averaging 18 microns) for Scioto.

MICP measurements were conducted to determine the pore throat distributions of the investigated
sandstones and results are demonstrated in Figure 2.7b. Bandera shows clear macro- and meso-
pore throat systems with an average pore throat diameter of circa 6 microns. Kentucky and Scioto
show narrower average throat sizes of approximately 1.8 microns. Based on the micro-pore
system criterion by Nelson [70], Scioto show the highest micro-pore throat and the second highest
micro-pore body contribution to the total pore system with 59.1 vol.% and 23 vol.%, respectively.
Kentucky sandstone follows with a micro-pore throat and body contribution of 50.9 vol.% and
29.5 vol.%, respectively. Bandera sandstone micro-pore throat and micro-pore body show the
lowest contribution with 36 vol.%, and 10.6 vol.%, respectively (Figure 2.7).
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Figure 2.7. Pore and throat size and distributions of Bandera, Kentucky, and Scioto
sandstones, where (a) shows pore-body diameter distributions obtained by Micro-CT scan
and (b) represents pore-throat diameter distributions obtained with MICP.

To further investigate the pore systems, NMR T2 measurements were conducted pre and post
centrifuge displacement runs. T cut-off values of tested sandstones were determined to be 17.8,
12.2, and 24.6ms for Bandera, Kentucky, and Scioto, respectively. Subsequently, these values
were utilized to estimate the bound volume index (BVI) and Free fluid index (FFI) of all pore
frameworks. BVI is the cumulative NMR-porosity after centrifuge test, while FFI is fully
saturated cumulative NMR-porosity minus BVI. Results show that Scioto has the highest bound
fluid with almost 9% of the total porosity, while Kentucky shows the lowest bound fluid value of
7.5% of the total porosity. Bandera sandstone exhibits the highest movable fluid among the three

sandstones with 14.3% of the total porosity (Figure 2.8).
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Figure 2.8. T, relaxation measurements of fully brine saturated and desaturated plugs for:
(a) Bandera, (b) Kentucky, and (c) Scioto where dark blue solid line denotes cumulative
porosity at fully brine saturation, dark blue dashed line denotes incremental porosity at
fully brine saturation, red solid line denotes cumulative porosity post drainage with air,
and red dashed line denotes incremental porosity post drainage with air. BVI is the
cumulative porosity after centrifuge test and FFI is fully saturated cumulative porosity
minus BVI.
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2.4. DISCUSSION

The primary goal of this study was to investigate the impact of clay minerals on the pore
framework of tight sandstone samples and to relate that to the displacement efficiency. At the
outset of this study, we hypothesized that illite clay, acting as pore bridging, could reduce the
micro-throat system. Furthermore, we have argued that pore-filling kaolinite booklets could
reduce micro-pore body system in tight sandstone. Finally, we have also proposed that the
distribution of throats and bodies plays a significant role in the hydraulic properties of tight

sandstone.

Table 2.6. Summary of the grain size, Micro-pore bodies and throats proportions, micropore
system, and MTMR of three sandstones samples.

Average Micro-pore Micro-throat Micropore system Micro-throat

Sample grain size proportion proportion proportion modality ratio
P (UCT) (MICP) (NMR) (MTMR)
(um) (%) (%) (%) (viv)
Bandera 87 10.6 36 38 0.56
Kentucky 55 29.5 50.9 48 1.03
Scioto 59 23 59.1 50 144

The multi-techniques analysis clearly supports the above hypotheses on how clay minerals affect
pore structure, but needs to be placed in the context of the existing study. For the tight sandstones
analyzed, porosity and permeability increase with the total clay content (Figure 2.9a-b), and this
is consistent with the literature findings [71,72]. To gain a deeper insight into the relationship of
porosity, permeability, and clay minerals, it is more convenient to focus on the effect of clay
contents on pore bodies and throats. Our study shows wider pore-throat size distribution for
Bandera characterized with porosity and permeability of 24.4% and 24.11 mD and the highest
total clay content of 14.3%. The pore throats system covers micro-, meso-, and macro-pore
throats; however, macro-pore throat system has the most significant contribution to fluid flow
comprising to 64% (Table 2.6).

This macro-pore throat system accesses only the dominant macro-pore body system (89.4% pore
body system proportion) as yielded from digital rock analysis. This is in contradiction previous
study, stating that the lower the clay content, the larger are the pores and the more the movable
fluid in the larger pore throats [73]. In contrast, this study displayed that the marked presence of
the macro-pore system in Bandera, when compared to the other sandstones, can be ascribed to the
absence of quartz overgrowth due to the clay coating effect, and the relatively larger grain size

(average of 87 microns). Such finding aligns well with the observation of Al Saadi et al. [24].
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Figure 2.9. Cross-plots of (a) porosity versus total clay mineral content, (b) permeability versus total
clay mineral content, (c) micro-pore body size proportion versus total clay mineral content, (d)
micro-pore throat size proportion versus total clay mineral content, (€) the cross plots between illite
content and micro-pore body size proportion, (f) micro-pore throat size proportion versus illite
content, (g) micro-pore body size proportion versus kaolinite content, (h) micro-pore throat size
proportion versus kaolinite content. (Note the trendlines show the relation between measurements).
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The low contribution of the macro-pore system in Kentucky and Scioto is attributed to the smaller
pore size characterizing these rocks (average of 16 microns for Kentucky and 18 microns for
Scioto) and finer grain size (average of 55 microns for Kentucky and 59 microns for Scioto)
compared to Bandera characterized with relatively higher pore and grain sizes of 24 microns and
87 microns, respectively (Figure 2.10a). Therefore, a higher macro-body size proportion
contributes to higher porosity (Figure 2.10b).
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Figure 2.10. Cross-plots showing: (a) macro-body proportion versus grain size and pore body size
and (b) porosity versus grain size. (Note the trendlines show the relation between measurements).

This work shows that micro-pore body proportion (Figure 2.9¢) and micro-throat proportion
(Figure 2.9d) increase with the drop of the total clay content for all tested samples. This is in good
agreement with Wang et al. (2020) [72]; where they showed that the increasing percentage of clay
minerals clearly decreases the pore throat distribution, porosity, and permeability of tight
sandstone. However, we specifically showed that fibrous illite clay acting as pore bridging in
sandstone tends to block the existing micro-throat system, affecting the flow displacement
efficiency. lllite content and micro-throat size proportion are strongly correlated (R? = 0.9994,
Figure 2.9f). This confirms that the low contribution of micro-throat system is attributed to illite-
chocking and that validates the stated hypothesis of this study.

In contrast, there is a weak correlation between illite content and micro-pore body proportion,
revealing less influence on micro-pore body proportion (R?= 0.6058, Figure 2.9¢). The micro-
pore body system of Bandera is measured to be the least among the sandstones tested representing
10.6% of the total pore system. This is attributed to the presence of Kaolinite as pore filling
(average size of 5.2 microns), which tends to fill the micro-pores and hence reduces their
contribution in overall porosity. On the contrary, micro-pore systems of Kentucky and Scioto
show higher values with 50.1% and 59 %, respectively. The kaolinite content and micro-pore

body proportions show a strong correlation (R? = 0.9827, Figure 2.99).
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However, kaolinite and micro-throat size proportions relation reveals a relatively weaker
correlation (R?=0.708, Figure 2.9h), indicating that the kaolinite has little effect on micro-throat
radius in tight sandstones.

The above experimental outcomes are consistent with the micro-pore system contribution
obtained from NMR results. It indicates that Scioto has the highest micro-pore system
contribution comprising almost 50% of the total porosity. Kentucky follows with 48% and
Bandera has the least micro-pore system contribution of 38%, as shown in Table 2.6. Furthermore,
NMR measurements show the dominance of the macro-pore system in Bandera comprising 62%,
which are in agreement with high percentage of intergranular pores observed with thin sections
for this sandstone (Figure 2.3b).

In addition, Micro-CT and MICP results confirm that Banderas’ macro-pore body and throat
system proportions are the highest among the tested samples with 89.4% and 64%, respectively.
The difference of micro-pore bodies and throats proportions is related to the limitation of each
technique, which should be a subjected to further future studies. It is worth noting that those rocks
are considered to be water wet as examined by (Alotaibi et al., 2011 and Mahmoud, 2018) [73,74].
Moreover, due to the significant complication of the pore-throat systems in tight rocks, most of
displacing fluid during the injection process will favor the least resistant paths (macro-pore throat)

(Figure 2.11). As a result, lower microscopic displacement efficiency of the injection process is
faced due to channeling effect [75-77].
‘.o

Displacing fluid m ‘.
-p., » 5 - » - ' Macro-pore throat

= Displacing Displaced (" Pore-throat
fhuid i -’
Figure 2.11. Schematic showing the flow of displacing fluid through
the least resistance path (macro-pore throat) bypassing the micro-pore
throat area due to capillary effect.

‘Micro-pore throat
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Micro-pore throat modality ratio (MTMR), a dimensionless number that relates the abundance
size of the micro-pore throat to the macro-pore throat, can be considered for describing the
microscopic displacement efficiency of improved and enhanced oil recovery (IOR/EOR)

processes.

Micro — throat proportion
MTMR =

Macro — throat proportion

A large MTMR value demonstrates that most of the displacing fluid will flow mainly through the
macro-pore throat. As a result, poor microscopic displacement efficiency occurs due to the
inability of injected fluid to access the micro-pore system mobilizing the displaced fluid [78,79].
Kaolinite has little effect on MTMR, while illite reveals a strong negative correlation with MTMR
for the tested sandstones as demonstrated in Figure 2.12. Such relationship will negatively affect

the microscopic displacement efficiency of tight sandstone.
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Figure 2.12. Cross-plots showing. (a) MTMR versus illite content and (b) MTMR versus kaolinite
content. (Note the trendlines show the relation between measurements).

High values of MTMR are needed to divert the displacing fluid and this can be conducted using,
polymer or foam to reach out the oil residing in smaller pores and hence improving the
microscopic displacement efficiency [80,81]. This novel micro-pore throat modality ratio is
believed to be a key criterion in selecting the most efficient EOR methods in tight formations.

Larger dataset would offer further insight this can be a potential for future work.

2.5. CONCLUSIONS
Different tight sandstones were analysed to define their petrography, mineralogy and
petrophysical properties. Petrographic thin-sections, XRD, XRF and SEM were used to determine

the mineralogical and elemental composition. MICP was used to define pore throat size
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distributions and NMR and Micro-CT were utilized to determine the pore size distributions. Based

on the multiple measurements conducted, the following can be concluded:

o lllite clay acting as pore bridging tends to reduce the micro-throat system. A strong
correlation was obtained between illite content and micro-pore throat proportion in tested
sandstone samples implying that the higher the illite content, the lower the micro-pore

throat system proportion.

The presence of pore-filling kaolinite booklets reduces micro-pore body system in
sandstone samples. Bandera characterized with high kaolinite content shows low micro-
pore body proportion of the total pore body system. Nevertheless, the shortage of kaolinite
clay in Kentucky and Scioto sandstones preserves the sample’s total micro-pore body
system revealing strong correlation between kaolinite content and micro-pore body

proportion.

The low contribution of macro-pore system in Kentucky and Scioto samples is attributed
to their finer grain size and hence, smaller pore size. In contrast, Bandera shows a clear
high proportion of macro-pore due to the absence of quartz overgrowth as a result of clay

coating, and relatively coarser grain size.

MTMR dimensionless number is helpful in selecting the most efficient recovery process.
Scioto sandstone showing the highest MTMR indicates the contribution of both macro-
and micro-pore systems to fluids flow in this sandstone. Therefore, there is a need to
mitigate the oil bypass from micropores pores by using easy to enter fluid such as gas.
Conversely, MTMR is quite low indicating the dominance of macropores and hence oil

bypass is minimal rendering conventional water flooding as an efficient recovery method.
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3. PORE FLUID DISTRIBUTION
CHARACTERIZATION FOR
MICRSOSCOPIC CO:z INJECTION IN
TIGHT SANDSTONES

This chapter utilizes the findings from Chapter 2 to investigate the relationship between clay
minerals, pore size distribution and the pore fluids distribution. The aim is to determine the
micropore system contribution to pore-fluid distribution (PFD) in tight sandstones. New
dimensionless numbers, termed the microscopic confinement index (MCI), a measure of the
product of micro-storativity (MSI) and micro-throat modality (MTMR) indices, were developed
to select a suitable tight sandstone for CO.—EOR and CO; geo-storage. Routine core analysis,
XRD, SEM, MICP, centrifuge displacement and NMR performed on the three tight sandstones
from the previous chapter was utilized to achieve this goal. Findings indicate that Scioto
sandstone has the highest micropore system capability to store and confine fluids which makes it

the most suitable candidate for CO>—EOR and geo-storage among the tested samples.

The content of this chapter is based on the below publication:

Al-Kharra’a, H.S., Wolf, K.H.A., AlQuraishi, A.A., Mahmoud, M.A., AlDuhailan, M.A., and
Zitha, P.L.J., 2023. The Power of Characterizing Pore Fluid Distribution for Microscopic CO>
Injection Studies in Tight Sandstones. Minerals, 13(7), p.895.

3.1. INTRODUCTION

Chapter 2 demonstrated how various clay minerals affect the pore structures in tight sandstones.
PFD, including BVI and FFI, varies in tight reservoirs due to the rock’s depositional and
diagenetic conditions [1] which can consequently influence fluid flow behavior in these rocks [2].
Hence, understanding these indices and their controlling factors is vital for successful injection
of fluid(s). As already discussed in the previous chapter, several primary factors control pore size
distribution in sandstones, including mineralogy, diagenetic processes, grain size, and pore size
and structure [3-6]. We have argued earlier that primary pores and micropores are the principal
components of the pore fluid distribution in sandstones [7]. Primary pores are voids between
detrital grains that form during the depositional process, while micropores originate prior to the
depositional process and commonly exist between detrital grains and authigenic clay minerals
[8]. Micropores are characterized by pore bodies and throats smaller than 10 microns and 1 micron

respectively.
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Sandstone rocks exhibit a proportional relationship between the primary pore and grain size [9-
11] while compaction essentially reduces primary pores and thus decreases sandstone’s total
porosity [12]. Several studies claim that common long side, concavo-convex, sutured grain
contacts correspond to considerable rock compaction, decreasing primary pores [13,14].
Investigation of the effect of grain shape on porosity shows that as grain sphericity increases, the
primary pores size decrease because of the tight packing [15]. Furthermore, sorting accounts for
the variety in sandstone grain size and correlates well with porosity [16]. Sandstones with good
sorting attributes possess substantial primary pores due to grain size homogeneity [17,18].
However, poor sorting leads to complex pore-throat size distribution, leading to a sharp reduction
in porosity due to small particles filling the intergranular pores [19-21]. The dissolution of
feldspar can cause a remarkable increase in the percentage of the primary pores, leading to better
pore connectivity [22].

As discussed in Chapter 2, several studies have investigated the impact of total clay content on
the petrophysical properties of tight sandstone [23—25], and they show an inverse relationship
between both porosity and permeability and clay content. [26]. In term of clay type, kaolinite
booklets can fill rock pores and hence lower sandstone’s porosity; however, it has a lesser impact
on permeability [27]. Fibrous illite clay on the other hand tends to reduce the effective pore-throat
diameter and consequently lower’s rock’s permeability [28]. Quartz overgrowth affects both
porosity and permeability by reducing the primary pore sizes in sandstones [29-31]; however,
clay coating can preserve primary pores by coating the detrital quartz grains, thus inhibiting their
overgrowth [32].

The impact of pore structure on NMR T distributions for various pore sizes was investigated and
sandstone samples with a higher percentage of primary pores exhibit longer NMR T2 peak values,
suggesting the existence of a direct relation between movable water and primary pores [33]. This
further supports the idea that a higher movable fluid proportion corresponds to more
interconnected pores [34]. Movable and bound fluid volumes can be determined using fluid
displacement and NMR measurements [35]. During the displacement process, movable fluid is
discharged from interconnected pores leaving bound fluid confined within the micropores due to
capillarity effect [36,37]. Several publications investigate the relationship between the proportion
of the micropore system and the factors that influence fluid confinement [38—40]. However, they
study the proportion of pore size distribution at CT-image resolution, which is different from my
objective; to study the CO, saturation contribution in an NMR bulk porosity image.

In Chapter 2, we demonstrated the elemental and mineralogical compositions and the

petrophysical properties of three tight sandstones. The clay minerals content and type and their
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effect on rocks pore and throat size distribution were presented and discussed. In this chapter the
relationship between tight sandstone’s pore system distribution and PFD are explored. In addition,
the contribution of micropore system in overall fluid displacement is investigated by developing
new dimensionless number termed MCI to provide novel selection criteria for planning optimal

CO-—EOR and geo-storage.

3.2. RESULTS
In this chapter, we tend to present the MCI results for the investigated sandstone rocks and their
interpretation. MCI, a dimensionless number is developed to evaluate sandstone’s microscopic
fluid storage and confinement (entrapment), is calculated by multiplying the micro-storativity
(MSI) defining the storage capacity of the micropore system and micro-throat modality (MTMR)
defining the micropore system’s entrapment calculated and presented in Chapter 2.

BVI

~ FFI + BVI

Where BVI is the cumulative NMR-porosity after centrifuge test and FFI is fully saturated
cumulative NMR-porosity minus BVI.

MSI

MCI = MTMR x MSI

High MCI value indicates optimum microscopic confinement during CO>.—EOR or CO; geo-
storage in tight sandstone rocks. Table 3.1 lists the indices calculated for the three tight
sandstones investigated.

Table 3.1. Calculated MSI, MTMR, and MCI results of three sandstones.

MSI MTMR MCI

Sample (VIV) (VIv) (VIv)

Bandera 0.38 0.56 0.21
Kentucky 0.48 1.03 0.49
Scioto 0.50 1.44 0.72

MSI calculations for the three sandstone samples demonstrates that Scioto sandstone had the
highest value of 0.5 MSI, followed by Kentucky sandstone with 0.48 MSI, and Bandera
sandstone, which exhibited the lowest value of 0.38 MSI. MTMR calculations presented earlier
indicates that Scioto sandstone possessed the highest micropore system confinement with 1.44
MTMR, followed by Kentucky with 1.03 MTMR, and Bandera sandstone, which was
characterized by the lowest microporosity entrapment of 0.56 MTMR. MCI values after gas
displacement were calculated for the three sandstones investigated. The results confirmed that
Scioto sandstone has the highest value of 0.72, followed by Kentucky and Bandera with MCI
values of 0.49 and 0.21, respectively. Although the MSI of the Kentucky and Scioto samples

showed comparable values, the difference in their calculated MCI values revealed an almost 40%
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difference between these two sandstones in favor of the Scioto. As a result, Scioto sandstone is
the most suitable candidate for CO>—EOR due to its high microscopic CO> confinement index

compared to the other tested sandstones.

3.3. DISCUSSION

As discussed in Chapter 2, Bandera sandstone exhibited the best reservoir quality compared to
the other sandstones. Conversely, Kentucky and Scioto sandstones displayed fair porosities and
reasonably low permeability values (15% and 0.98 mD for Kentucky and 17.5% and 1.21 mD for
Scioto) (Figure 3.1a). We hypothesized that the diagenetic process was accountable for the
substantial decrease in the Kentucky and Scioto sandstone’s permeability. Relationship of
permeability and micro-throat size proportion were found to be inversely related (Figure 3.1b).
This confirms that the low permeability values could be ascribed to the small throat size
characterizing these sandstones validating the hypothesis of the diagenesis effect. Literature
indicates that high porosity values associated with low permeabilities, and vice versa, in tight
sandstones are related to the depositional conditions that could reduce the pore structure of the
sandstone rocks [41,42].
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Figure 3.1. Cross-plots demonstrating the relationship of permeability with: (a) porosity; (b) micro-
throat contribution. (Note the trend lines show the relation between measurements).

Considering the complexity of the pore system in tight rocks, we advise against the use of
permeability as a cut-off parameter to identify tight reservoirs; rather, we recommend including
pore-size distribution as an essential characterization parameter in tight reservoir classifications.
Note that the micropore system represents a considerable proportion of the tight rock’s total
porosity [43,44]. This was further confirmed in our study where the following fractions were
measured: 38% in the Bandera, 48% in the Kentucky, and 50% in Scioto. These results are
consistent with Lai et al. [45], who reported that bound-fluid contribution (micropore system)

can account for up to 60% of the total pore system. Thus, it is more convenient to investigate the
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relationship between the micropore system and the pore fluid distribution in tight sandstones to
enable geologists and petroleum engineers to improve the efficiency of flooding in general and
CO:z injection in specific into tight formations.

Bandera sandstone has a wider pore size distribution than other sandstones, with values ranging
from 0.1 ms to 140 ms, as yielded by NMR analyses (Figure 2.8a). Furthermore, the NMR
findings show that 62% of the PFD in Bandera sandstone is mobile within the macropore system.
This finding agrees well with the MICP results, demonstrating the significant flow contribution
of macropore throat system summing up to 64% in Bandera sandstone (Figure 2.7a). SEM images

illustrate the visible macropores of the Bandera sandstone (Figure 2.4a) and the presence of clay
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Figure 3.2. Cross-plot of movable fluid contribution versus macro-throat
proportion for the three tested sandstones. (Note the trendlines show the
relation between measurements).

coated grains, which inhibit quartz overgrowth and hence preserve the macropore system [46].
Thus, the above findings demonstrate the high proportion of macropore system of Bandera in
comparison with the other investigated sandstones (Figure 3.2). The small contribution of the
micropore system in Bandera sandstone (38% to the total pore system) is attributed to the
presence of clay minerals, including kaolinite booklets, chlorite, and fibrous illite minerals,
which tend to clog throats and fill pores. Negative correlations can be observed between the clay
minerals content and the bound fluid contribution represented by the micropore system, as
derived from the NMR analyses (Figure 3.3a) and micropore-throat proportion (Figure 3.3b).
Low clay content of Scioto (4.1%) and Kentucky (3.6% for) leads to presence of high micropore
system proportions, and to higher contribution of the micropore-throat system (59.1% for Scioto
and 50.9% for Kentucky). A strong inverse relationship exists between the illite clay mineral and
the micro-throat proportion for the tested sandstones, indicating that the contribution of the
micropore-throat system decreases as illite content increases (Figure 3.3f). Chlorite and kaolinite

clay minerals have less effect on the micropore-throat proportion (Figures 3.3h, d).
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MCI is a dimensionless number that shows the ability of a micropore system to store and trap the
injected fluid. As mentioned earlier, a high MCI value implies that the micropore system in tight
rocks is suitable for use in CO> injection due to its high storage capacity and well-confined
micropore system. On the contrary, a low MCI value demonstrates that the sandstone micropore
system exhibits limited capacity and inadequate fluid confinement that makes tight formation
unsuitable for microscopic CO: injection. The relationships of MCI analyses with the MTMR and
MSI of the tested sandstones show a direct relationship with micro-storativity (Figure 3.4a) and

micro entrapment (Figure 3.4b).
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Figure 3.4. Cross-plots showing the relationship of microscopic confinement index of tested
sandstones with: (a) micro-storativity index; (b) micro-confinement index. (Note the trendlines show
the relation between measurements).

For the tight sandstones analyzed, Scioto sandstone MCI was the highest among the tested
sandstones with a value of 0.72. This is attributed to the great capacity of the Scioto sandstone’s
micropore system of 0.5 MSI and the excellent micropore system entrapment of 1.44 MTMR,
suggesting that Scioto sandstone is a suitable candidate for microscopic COz injection. The low
contribution of micro-storativity and entrapment of Bandera sandstone (0.38 MSI and 0.56
MTMR) indicate significant reduction in the microscopic confinement index (0.38 MCI)
suggesting Bandera as the worse possible candidate for CO.—EOR or CO2 geo-storage.

To gain a deeper insight into the relationship of MCI results and MTMR and MSI indices, it is
more convenient to focus on the factors impacting these indices. The increase in the micropore-
throat proportions results in an increase in the storage capacity of the micropore system of the
examined sandstones (Figure 3.5a), a phenomenon which can be related to a strong influence of
clay minerals on the micropore system as a result of diagenetic alteration [47]. Furthermore, the
reduction in the micropore’s storativity proportion is related to the increase in the clay mineral

content (Figure 3.5b), and this is in line with the fact that the fibrous illite and booklets of kaolinite
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clay minerals can act as pore bridging and pore filling substances, respectively. These processes

reduce the existing micropore system and thus affect the bound fluid contribution [48].
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Figure 3.5. Cross-plots showing the relationship of micro-storativity index with: (a) micro-throat
proportion; (b) total mineral content. (Note the trendlines show the relation between measurements).

Our analysis further shows that the percentage of micropore throat proportion in the tested
sandstones is strongly correlated to the micropore’s entrapment (MTMR) (Figure 3.6a). This can
be attributed to the fact that smaller throat diameters can lead to greater capillary pressures,
preventing fluid mobilization within the tight throats pore system. Comparison of the relationship
of the total clay content and the micropore system storativity index (Figure 3.5b) indicates a fair
relation between the total clay content and micropore system entrapment (Figure 3.6b). Use of
larger dataset would provide a more in-depth understanding of our newly developed

dimensionless numbers; however, these outcrops from which the samples were obtained are
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Figure 3.6. Cross-plots showing the relationship of micro- throat modality ratio of tested sandstones
with: (a) micro-throat proportion; (b) total clay mineral content. (Note the trendlines show the relation
between measurements).
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known for their clean and very homogeneous nature and it is believed that the obtained dataset is

sufficient.

34.

CONCLUSIONS

This study focuses on determining the influence of tight sandstones’ micropore system on pore

fluid distribution. A new dimensionless number, termed MCI, was developed to select a suitable

tight sandstone for CO> injection and geo-storage. Based on the findings obtained, the following

conclusions are derived:

Bandera micropore system’s ability to store and confine fluid was found to be the least
among the tested sandstone samples. The low contribution values of storativity and
confinement of the micropore system is attributed to the presence of clay minerals content
and type. In particular, the presence of pore filling kaolinite booklets can significantly
reduce the micropore storativity, and the presence of pore bridging fibrous illite, can
reduce the micropore-throat proportion and, hence, reduce the confinement of the
micropore system.

A strong positive relation was obtained between the micro-throat proportion and the
micro-confinement contribution in the tested sandstone samples, indicating that the higher
the micro-throat contribution, the more confined is the micropore system.

Higher MCl value indicates better CO> injectivity in micropore system of tight sandstones.
The calculated MCI values of the three sandstones indicate Scioto as the most suitable
candidate for microscopic CO. injection and storage due to its high micropore

confinement and storativity contributions.
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4. CO: INJECTION INTO TIGHT
ROCKS: IMPLICATIONS FOR
ENHANCED OIL RECOVERY

In the previous chapter we have shown that, Scioto sandstone has the highest MCI and was
selected for further CO.—EOR studies. In this chapter the effectiveness of CO; injection in tight
reservoirs is assessed and oil mobilization within the pore system (micro- and macropore) is
evaluated. Three core-flood experiments were conducted on core composites of Scioto tight
sandstone to evaluate oil recovery by different injection modes and schemes, i.e.; tertiary miscible
CO: injection; secondary immiscible COz injection, and; secondary miscible COz injection. NMR
spectrometry was used to quantify the fluid displacement in pre- and post-flooding schemes. Our
results show that secondary miscible CO2 injection provided the highest Ep of 88%, with oil
mobilized from both micro-and macropores systems, leading to the highest oil recovery of 93%
OOIP. Tertiary miscible CO injection had Ep of 67% providing ultimate oil recovery of 79%
OOIP mostly from the macropores system and limited contribution from micropores is attributed
to the increased water content because of previously conducted secondary water flooding.
Secondary immiscible CO2 injection showed the least oil recovery among the injection schemes
of 68% OOIP, believed to be due to the unstable displacement as indicated by Ep of 52%. The
fluid displacement efficiency was determined through NMR analyses, and the findings are in line
with the displacement efficiency values obtained from core-flood experiments. The findings
obtained are promising strategy for determining the most efficient CO; injection scheme in tight
rocks during CO>-EOR and storage. In addition, it shows the efficiency of NMR tool in

determining the fluid distribution within the rock pore system and the d displacement efficiency.

The content of this chapter is based on the below publication:

AlKharraa, H., Wolf, K.H., AlQuraishi, A., Al Abdrabalnabi, R., Mahmoud, M. and Zitha, P.L.J.,
2023. Microscopic CO: Injection in Tight Rocks: Implications for Enhanced Oil Recovery and
Carbon Geo-Storage. Energy & Fuels.
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4.1. INTRODUCTION

Conventional reservoirs are often characterized by high reservoir quality, producing oil by natural
drive mechanisms [1]. Over time, the natural drive mechanisms can no longer maintain the
reservoirs’ energy, resulting in a lower oil recovery. Therefore, secondary methods, i.e. either
water or gas injection, are applied to maintain pressure and, increase oil recovery [2]. Further
increase in oil recovery is achieved by performing tertiary recovery to improve reservoir sweep
(macroscopic) and displacement (microscopic) efficiencies.

Unlike the development plans of conventional reservoirs, tight formations are characterized by
low permeability (typically < ImD) and complex pore system. The low reservoir quality and
complexity of pore system can render fluid mobilization in tight rocks; therefore, attention is
required for selecting optimal recovery methods to be utilized [3]. MSF is a well completion
technique utilized to ease fluid flow in such tight formations; however, fractured reservoirs
experience fast pressure drop and hence low oil recovery due to low-pressure connectivity. In
addition, the induced fractures might reach nearby water formations, resulting in high water
production and/or causing environmental problems such as polluting fresh water reserves [4].
Waterflooding is a widely applied recovery method due to its favorable economics, with oil
recovery ranging from 20% to 40% OOIP. however, it is not efficient in tight reservoirs due to its
low injectivity and small pore-throat sizes, resulting in low microscopic Ep [5,6]. Waterflooding
can also cause clay swelling reducing rock permeability and hence lowering recovery efficiency
[7]. In addition, the difference in displacing-displaced fluids viscosity, can cause water channeling
and hence, lower the macroscopic volumetric sweep efficiency [8]. Gas flooding, and CO,—EOR
in specific, is one of the tertiary EOR choices of potential due to its environmental benefits.
Decades of studies revealed that CO; injection is an effective recovery approach in tight
formations [9—12]. Nevertheless, a knowledge gap exists on the microscopic performance of CO»
injection and oil mobilization in micropore systems of tight reservoirs.

Tight rocks have complex pore systems comprising of inter and intra-granular micro-and macro-
pores formed during the depositional and diagenetic processes [13]. Understanding these pore
systems and their controlling factors are essential for selecting the optimal recovery method to be
utilized. Experimental results presented in previous chapters indicate Scioto as the most suitable
representative tight sandstone among the three sandstones investigated due to its marginal pore
system complexity and its high MCI referring to its pore confinement and storativity. In this
chapter, laboratory CO; flooding results at different miscible and immiscible injection conditions
are presented to determine the recovery and displacement efficiency of different injection process.

In addition, NMR measurements were utilized in evaluating microscopic pre flooding pore fluid
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distribution and microscopic post flooding assessment including both micro- and macropores

fluid displacement efficiencies.

4.2. MATERIALS, EXPERIMENTAL SETUPS, AND PROCEDURES

4.2.1. MATERIALS

Nine Scioto core plugs were selected to form three composite cores made of three plugs each.
Plugs were lined up face to face with paper tissue in between for capillary continuity and all were
housed in a heated shrinkable Teflon® tape sleeve. Composites used were 3.8 cm in diameter
and 15 cm in length with average petrophysical properties listed in Table 4.1.

Table 4.1. Properties of Scioto sandstone composites. The estimated petrophysical
properties are the average of the plugs’ values.

Composite Core plugs Pore volume Porosity Permeability
1D 1D (ce) (vol%) (mD)

1 S18,S17,821  30.48+0.07% 18.45+0.22% 1.21+0.76%

2 S12,813,S14  31.04+£0.07% 1853 +£0.22% 1.24+0.76%

3 S34,S35,S24  30.96+0.07% 18.82+0.22% 1.20+0.76%

Synthetic formation brine and seawater formulated to represent the Arabian Gulf seawater
composition and salinity were used to represent the connate water saturation and the displacing
phase during waterflooding injection. The compositions and salinity of both brines are presented

in Tables 4.2 and 4.3, respectively.

Table 4.2. Constituents of synthetic formation brine (total dissolved solids =

236,840 mg/L).
Component Formation water
(mg/L)
Sodium chloride 148,750
Calcium chloride 69,400
Magnesium chloride 17,910
Sodium sulfate 390
Sodium bicarbonate 390

Table 4.3. Constituents of synthetic seawater (total dissolved solids = 68,602 mg/L).

Al”ll("olt.al. ¢ Bicarbonate Calcium Magnesium Sodium Potassium Chloride Sulfate Nitrate Fluoride
mel). @D gl (mgll)  (mgl) (mgl) (mgl) (mg/l) (mg/l) (mgll)
174 212 766 2,648 22353 810 36,585 5,015 37 2.19

58



N-decane was used to represent the oleic phase in order to minimize rock wettability alteration
[14] and pure CO2 (99.9%) was utilized as a displacing gaseous phase. Several studies have
reported that MMP of n-decane and CO; is around 85 bar (1,235 psi) at 40°C [15,16]. To ensure
good miscibility, miscible flooding runs were conducted at higher injection pressure of 124 bar
(1,800 psi). Density and viscosity of liquid phases were measured using Anton Paar-DMA 4500
M density meter and Oswald viscometer, respectively. CO2 properties were obtained from NIST

web-book. These properties are presented at experimental conditions in Table 4.4.

Table 4.4. Fluid physical properties measured at experimental conditions (124 bar

and 40°C).
Fluid Density Viscosity
(g/ce) (cP)
Formation water 1.133 1.21
Seawater 1.025 1.10
Decane 0.730 0.89
sc-CO,” 0.644 0.05

* CO, properties were obtained from the National Institute for Standards and Technology (NIST) Web-book [17].

4.2.2. EXPERIMENTAL SETUPS

Core flooding experiments were conducted using the flooding unit with schematic shown in
Figure 4.1. The set-up consists of an injection pump, core holder, and production collection
system all connected through 1/8-inch stainless steel tubing equipped with multiple air pneumatic
two- and three-way valves to control fluid flow and direction. The core holder is a horizontally
laid Hassler-type cell capable of housing samples of 1.5-inch (3.8 cm) diameter with length up to
12 inch (30.5 cm) capable to operate at confining pressures up to 689 bar (10,000 psi).

Heating cabinet

BPR pump m
(ISCO)

=

. Back Pressure
# 1 Regulator (BPR)

Fraction collector

.

Single cylinder N| Data logging
pump (ISCO) I

i]

X

Digital pressure gauge

Dual cylinder syringe
pumps (DCI)

CO, cylinder  Gas booster

Figure 4.1. Schematic of the flooding unit.
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Two inline pressure transducers are utilized to measure the inlet and outlet pressures and aid in
calculating pressure drop across the core sample with full-scale pressure accuracy of +0.05%.
DCI dual syringe pump was used to displace distilled water at desired injection rate with a
precision of 0.001 cc/min to the bottom of three one-liter Hastelloy floating piston accumulators.
The accumulators were used to house the n-decane, CO; gas, and seawater. Gas booster was
utilized to pressurize the CO» within the accumulator.

A dome type back pressure regulator (BPR), placed at the production end of the core-holder, was
used to control and maintain the pore pressure up to the desired value. The accumulators and core-
holder are housed within an oven of maximum temperature of 150 + 0.1°C for temperature
control. Produced effluents (water and oil) were collected in glass tubes mounted in a timely set
fraction collector while CO» gas was vented to atmosphere. All the unit components are linked to

control system and data logger connected to a personal computer.

4.2.3. EXPERIMENTAL PROCEDURES

Dry core samples were vacuumed and saturated with formation brine under pressure of 1,379 bar
(2,000 psi) utilizing saturation unit. The plugs porosity was redetermined by simple mass balance
and NMR T measurements were conducted on the brine-saturated plugs to identify PFD. The
brine-saturated plugs were desaturated with n-decane using high speed centrifuge at rotational
speed of 18,000 rpm and OOIP and connate water saturation were determined. The desaturated
plugs were then subjected to a second round of NMR T> measurements to calculate the movable
and bound fluid volumes.

Three core-flood experiments were conducted on three composites made of three plugs each and
these include tertiary miscible CO2 injection (Exp.1), secondary miscible CO> injection (Exp. 2),
and secondary immiscible COz injection (Exp. 3). Composites average connate water saturation
and average initial oil saturation were measured at 32% and 68%, respectively. Table 4.5 presents
the description and conditions of the core-flood experiments. All experiments were conducted at
injection rate as low as 0.2 cc/min to ensure stable displacement. Experiments were conducted at

40°C, the temperature at which minimum miscibility occurs for the fluid pair.

Table 4.5. Core-flood experiments description and conditions.

. Confining Pore Pore
Exp. Experiment volume
descrinti pressure  pressure S
escription (psi) (psi) injected
P P (%PV)
1 Waterflooding + miscible CO, 2,500 1,800 7.3
5 Secondgry m1.501ble CO, 2,500 1,800 35
njection
3 Secondary Tmn.nsmble CO, 1,700 1,400 72
1njection
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Waterflooding was started in the first composite at connate water saturation and injection
continued until oil production ceases after 3.5 PV of seawater injection. Subsequently, tertiary
miscible CO; injection was started and a total of 3.8 PV of CO; was injected. In the second run,
secondary miscible CO; injection was conducted using the second composite core at connate
water saturation with total CO> injection of 3.5 PV.

Immiscible CO; injection was performed in the third composite core, at connate water saturation
and this continues for 7.2 PV of gas injection. The water and n-decane produced were collected
and corrected for inlet and outlet dead volumes and differential pressure was continuously
measured and recorded throughout the displacement runs. At the end of each experiment, oil
recovery, displacement efficiency, and injectivity index were evaluated. NMR T, measurements
were again performed at the end of each experiment to determine the final pore fluid distribution

and verify the calculated resident fluid volumes determined by material balance.

4.3. RESULTS

4.3.1. CORE FLOODING RESULTS

Table 4.6 presents the main results of the performed runs, including the ultimate oil recoveries,
injectivity indices, and corresponding displacement efficiency calculations. OOIP of composite
cores represent the sum of oil volumes for each core.

Table 4.6. Ultimate oil recovery, displacement efficiency and injectivity index of
conducted flooding experiments.

B Ultimate Displacement Injectivity
Xp. ) .
recovery efficiency index
(%0O0IP) (%) (cc/min/psi)
1 79 £3% 67 +3% 0.01 £0.7%
2 93+3% 88+3% 0.16 £0.7%
3 68 +3% 52 +3% 0.08 £0.7%

Figure 4.2 presents the oil recovery and pressure drop profiles for Exp.1. Oil recovery of 35%
OOIP was obtained using secondary waterflooding and an incremental 44% OOIP was obtained
using tertiary miscible CO> injection. The pressure drop increased sharply throughout the
experiment to a maximum value of about 11 bar (160 psi) due to the mobility difference between
the wetting and nonwetting fluid. Oil recovery of 31% OOIP was attained at water breakthrough
of approximately 0.23 PV of seawater injection. Pressure drop decreased slowly after
breakthrough to reach a stable value of approximately 8.5 bar (124 psi) due to the dominance of

seawater flow and diminishing oil displacement.
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Figure 4.2. Oil recovery and pressure drop profile of secondary water flooding followed by
miscible tertiary CO injection conducted on composite #1.

Waterflooding is subjected to mobility difference between injected brine and displaced n-decane,
and this can lead to viscosity fingering in addition to the high capillary pressure experienced in
tiny pores that prevent their intrusion by displacing fluid. To enhance the oil recovery, tertiary
miscible CO; injection was started. At this stage pressure drop profile builds up to a peak value
of around 10.6 bar (155 psi) because of CO; attempting to overcome the water pressure residing
within the pores after waterflooding. The gas breakthrough occurred at around 0.21 PV of gas
injection, followed by a significant reduction in pressure drop to about 1.1 bar (16 psi and with a
circa 89% drop from its maximum value). The experiment was terminated after 7.3 PV of total
water and gas injection.

The estimated displacement efficiency and injectivity index at the end of the experiment were
calculated and values of 67% and 0.01 cc/min/psi were obtained. The low injectivity of miscible
tertiary COz is attributed to excessive water blocking hindering the intrusion of CO> gas. This
aligns well with previous findings in the literature reporting rocks exhibiting high capillary
pressure during tertiary CO; injection [18].

Exp.2, performed on composite #2, was secondary miscible CO> injection conducted at connate
water saturation. Oil recovery and pressure drop profiles are presented in Figure 4.3. In this run,
the pressure drop profile increases to around 1.58 bar (23 psi) with oil recovery starting after 0.3
PV of miscible gas injection. The oil recovery continuously increases to maximum value of 93%
OOIP after a total CO; injection of approximately 3.5 PV. Pressure profile falls gradually after
gas breakthrough to around 0.34 bar (5 psi).
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Such high oil recovery using miscible COz injection is attributed to the high gas injectivity of
0.16 cc/min/psi and the COz-decane phases miscibility yielding comparatively stable higher

displacement efficiency of 88% in comparison to the previous injection scheme.
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Pore Volume Injected (PV1)
Figure 4.3. Oil recovery and pressure drop profile of miscible secondary CO; injection
conducted on composite core #2.

Exp.3 was immiscible secondary CO: injection conducted in composite #3. The oil recovery and
pressure drop profiles are presented in Figure 4.4. In this run, oil recovery started after 0.38 PV
of immiscible gas injection. The delay in production is attributed to unfavorable displacement due
to the density difference between CO> gas and n-decane [19]. Based on the fluctuation in the
pressure drop profile marked in red arrows, CO; injection appears to be unstable, resulting in a
low displacement efficiency of 52% attained after a total immiscible COz> injection of 7.2 PV.
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Figure 4.4. Oil recovery and pressure drop profile of immiscible secondary CO- injection
conducted on composite core #3.
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Oil recovery profile continues to increase due to COz injection; however, the recovery process
was slow as observed in previous studies [20,21]. The obtained ultimate oil recovery calculated

at 68% OOIP was the lowest among the injection schemes tested.

4.3.2. NMR T» MEASUREMENTS

NMR was used to verify the flooding runs outcomes and to determine the fluids distribution
within the different pores pre and post flooding. As discussed earlier, T> relaxation is proportional
to pore size where macropores have longer T values, while micropores tend to have shorter T
values, hence, rock micro- and macro pores fluid volumes can be analyzed. NMR T2
measurements were performed before and after the flooding runs conducted to investigate PFD.
Figure 4.5 depicts NMR T, measurements of the three brine-saturated plugs forming each of three
composites. The profiles show identical unimodal characteristics, with T» values ranging from
0.1 ms to 177 ms.

Brine-saturated core plugs of the tested composites were desaturated to connate water saturation
with n-decan. Figure 4.6 presents the NMR profiles obtained at the end of the desaturation
process. Profiles indicate connate water residing in micropores, represented by smaller T2 values
ranging between 0.1 ms to 39 ms while n-decane moves to the macropores corresponding to larger
T, values ranging from 79 ms to 892 ms.

It is worth noting that desaturated composites signals show extended T» values compared to
previously presented values of brine-saturated plugs. This can be attributed to the wettability
effect that delays T» relaxation and causes longer T> values [22]. T2 cut-off value is utilized to
determine the fluid residing in the micro-and macropore pores of composite sandstones.

The results demonstrate T cut-off value of 24.6 + 1.3 ms for Scioto sandstone, which is consistent
with the literature findings for the same rock [23,24]. The findings indicate that the prepared

composites pore system comprise of an average of 65% macropores and 35% micropores.
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Figure 4.5. NMR T, measurements of brine-saturated composites of Scioto sandstone: (a) Composite
#1; (b) Composite #2; and (c) Composite #3.
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Figure 4.7 shows the NMR T relaxation times for the composite cores combining both
desaturated and post CO: injection stages for different flooding schemes to diagnose the
performance of fluids displacement by CO> injection in tight rocks. As mentioned earlier, the area
under the T> curve of the desaturated state represents the amount of hydrogen in the pore system.
A reduction in this area indicates the removal of hydrogen and the fluid production from the given
pores due to CO; injection.

For the miscible tertiary CO; injection conducted in composite core #1, NMR T2 curve (Figure
4.7a) shows a unimodal distribution ranging from 0.1 ms to approximately 50 ms. The macropore
signal of the desaturated composite core clearly vanished due to CO> displacement (marked with
blue arrow). No apparent reduction was seen in the micropores denoted by the left signal of the
desaturated state, indicating that CO» could not intrude the tiny pores (marked with black arrow).
The micropore T» signal exhibits slight increase of around 9% compared to the original signal
measured before CO; injection most likely due to the increase of water content after the secondary
water injection prior to tertiary CO; injection.

The incremental T2 spectrum at the end of the secondary miscible CO:z injection, conducted on
composite #2, illustrates unimodal signal ranging from 0.1 ms to 22.4 ms (Figure 4.7b). The
narrower range of T» signal compared to composite #1 (tertiary miscible CO2 injection)
corresponds to more efficient fluid displacement. Similarly, the macro pores vanished (marked
with a blue arrow) and micropore signal was reduced by almost 12% compared to the initial
desaturated state, indicating that COz injection was able to invade the micropore system (marked
with a black arrow).

Figure 4.7c presents the T> distributions of the immiscible secondary CO» injection performed in
composite #3. The profile shows broader T2 distributions ranging from 0.1 ms to almost 560 ms,
illustrating that hydrogen molecules are still within the micro- and macro pores and poor fluid

mobilization were attained by immiscible CO; injection.
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NMR measurements were also used to estimate the displacement efficiency (EDnumr):

ED _ Desaturated Pore Volume — post CO, Pore Volume % 100
NMR = Deasturated Pore Volume

EDnur for the three injection schemes demonstrated that secondary miscible CO; flooding
provided the highest value followed by tertiary miscible CO> flooding and finally the secondary
immiscible CO» injection showing the lowest value. Table 4.7 lists the pre and post CO2; NMR

pore volumes and the EDyur for the three composites.

Table 4.7. NMR pore volumes and the displacement efficiency results
for the three core-flood experiments.

Ex Fluid pore volume de- Fluid pore volume post Displacement
p- saturated state CO; injection efficiency EDnur
(co) (cc) (%)
1 33 15 55
2 33 10 70
3 32 17 47

Table 4.8 and Figure 4.8 present the pre and post CO pore volumes measured using the micro-
and macropore NMR signals. The results show that tertiary and secondary miscible CO; injection
provides macropores EDnur of 94% and 100%, respectively. Secondary immiscible CO; injection
shows the least macropores EDyur displacement efficiency of 67%. It also reveals no clear
micropore reduction compared to that observed originally at de-saturated state due to unstable
displacement. To the contrary, the micropore signal of secondary miscible CO: injection
demonstrated a 12% reduction in contrast to tertiary miscible CO> injection that showed no

significant change in micropores signal.
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Table 4.8. NMR micro-and macropore volumes for the injection schemes.

Exp. Pore volumes pre-CO; injection Pore volumes post CO; injection

Micropore Macropore Micropore Macropore
(co) (co) (co) (co)
1 12.5 20.3 13.6 13
2 11.1 21.8 9.8 0
10.1 21.8 10.1 7.1
100% Immiscible CO, injection
A 94%  complete displacement shows the lowest
in macropore system displacement in
N macropore system
£ 67%
3
3
S
s
= .
£ ir?grlizr;(sjefshgge bound fluid
8 o reduced by 12%
= - due to sc-CO,
2 | waterflooding N
< injection 12% No change in
8 \49% micropore
Tertiary scCO2 Secondary scCO2 immiscible CO2
b
E % Displacement m % Displacement
§ micropore system (%) macropore system (%)
XE/

Figure 4.8. Displacement efficiency of micro- and macropores determined by NMR analyses.

44.

Low water injectivity index of 0.002 cc/min/psi and high mobility ratio during water flooding
stage resulted in poor displacement efficiency. NMR T> measurements shown in Figure 4.9
confirms this as slight reduction was observed in NMR spectra of composite cores (marked with
red brace), indicating no intrusion of micropores and limited fluid mobilization in the long T>
values corresponding to the macropores. In addition, the incremental T> profiles exhibit extended
T> values than those of the initial desaturated core signals (Figure 4.10a). This extended T

distribution is due to water imbibition delaying the surface relaxation of the remaining n-decane

DISCUSSION
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(Figure 4.10b). Hydrogen communication between micro- and macropore systems is clearly in
line with the observation of Anand and Hirasaki (2007) [25].

Tertiary miscible CO; injection provided an incremental recovery of 44% OOIP. We speculate
that this low incremental recovery relative to the secondary CO; flooding is due to increased water
content as a result of previous waterflooding process that has a negative impact on pore fluid
displacement and oil recovery due to the water film formed during waterflooding preventing CO-
from invading small pores [26]. Although CO; has a higher injectivity of 0.01 cc/min/psi
compared to water, The ultimate recovery of approximately 79% OOIP confirms that tertiary
miscible CO> injection cannot access micropores efficiently (as marked in black arrow in Figure
4.7b).

Secondary immiscible COz flooding results in an unstable displacement efficiency of 52% as
estimated from coreflood results. This is mainly due to the poor displacement as indicated by the
observed pressure drop fluctuation during the injection process (Figure 4.4). Poor displacement
was also observed by the partial reduction in NMR T» spectrum compared to the initial
desaturated core signal resulting in estimated low EDyyr of 47% (Figure 4.11). Despite the high
injectivity index of approximately 0.1 cc/min/psi, the secondary immiscible CO2 injection still
has relatively low oil recovery of 68% OOIP compared to the secondary miscible CO» flooding.
Hence, given the low oil recovery and the high gas pore volume injected, we presume immiscible
COz injection inefficient EOR method in tight rocks.

Secondary miscible CO> injection shows stable displacement compared to other injection
schemes as indicated by coreflood displacement efficiency of 88% providing recovery factor of
approximately 93% OOIP mobilized from various pore sizes. EDyur was calculated to be 70%
with 100% fluid displacement from macropores and (marked with blue arrow in Figure 4.7b) and
12% from micropores (marked with black arrow in Figure 4.7b) compared to the desaturated core

state.

71



10 slight reduction in the macropore
L .

. \

. II \

= i

o 08 [

= !
= f |

[%2] L 1

S 0.6 ! "

o - h AN
o 0 2N h 7o
— - ~ 1 ()
= 4 EONERY [

LAY
CICJ /I / \ ' ! II v
’ \ ! [
e 02 ’ \ \ / 1
., \ Iy

@ ’ v, P
—_ A \ L

(&) _===>=” \ [
£ 00 == 1 L I 1!

=F
0.0 0.1 1.0 10.0 100.0  1000.0 10000.0

T> Relaxation Time, ms

- --- S17_Desaturated cycle - ---S17_Waterflooding
1.0 F
3: ', \\
o 08 ,’ \
o 06 r - ! AR
= /’ 1 1
8— a \\\ :’ ! ‘, \
= 04 F //I’ \\ \ [ A
E i \ \ [ V)
) 1 \ ‘\ " I’ | “
% 021 /I:’l \\\ \\ :, /’ lll ‘I
o e 27 \ Ny 7 v )
= 0.0 g --_ " "7 L [ v no )
0.0 0.1 1.0 10.0 100.0  1000.0 10000.0
T Relaxation Time, ms
- --- 518 Desaturated cycle - --- 518 Waterflooding
1.0
:g ’/ \\
2 0.8 I
é ” ‘I
206 T
= RN 1 4R
o /N ! Y
o / \ ] 1 ‘I \
E 0.4 /”I\\ \‘ l‘ ’I || ‘\
% ,’ /l \‘ \\ f I! \ \
£ 0.2 A N S A
[ / \ ' ! \
S ,/// ! ‘( / 'y
EOO _5::::=-_—,=— \\ /_/ l‘ \
0.0 0.1 1.0 10.0 100.0 1000.0 10000.0

T» Relaxation Time, ms
- ---S21_Desaturated cycle - --- S21_Waterflooding
Figure 4.9. NMR T curves of desaturated (green dashed line) and waterflooded (light blue dashed
line) of composite core #1. A slight reduction in the macropore indicates poor displacement because

of waterflooding (marked in red brace), while the extended NMR T (light blue dashed lines) are due
to the delay of surface relaxation caused by the remaining n-decane retained in the rock pore system.
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Figure 4.10. Schematic illustrating the drainage and waterflooding covering. (a) Decane-desaturated
case, where decane resides in big pores and water resides in small pores. (b) Waterflooding case
showing brine imbibing big pores causing a slight reduction in decane saturation.

In summary, displacement efficiency using material balance and NMR for all runs showed a

good relation as indicated in Figure 4.11 and secondary miscible CO; injection scheme seems to

be the most efficient flooding method for tight formations.
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Figure 4.11. Displacement efficiencies obtained from NMR and core-floods.

4.5. CONCLUSIONS

This study evaluates the efficiency of several CO» flooding schemes in tight sandstone reservoirs.

The flooding runs were analyzed in terms of oil recovery, pressure data, injectivity index, and

NMR measurements to discern the microscopic mechanisms responsible for to the observed

macroscopic behavior. Based on the findings, the following conclusions are derived:

Secondary waterflooding provided limited oil recovery and experienced early water
breakthrough attributed to multiple factors, including low water injectivity, high capillary
forces in small pores that needs to be overcome, and a high MTMR value. NMR T results
confirm the experienced poor displacement, as indicated by the extended T> spectrum

relaxation due to the existence of immobilized n-decane in the pore system.
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e The secondary miscible CO: injection provides the highest oil recovery, of approximately
93% OOIP. Due to its miscibility with oil, NMR findings revealed that injected CO> almost
completely displaces the resident fluid in the macropore system and 12% from the micropore
system.

e Tertiary miscible CO> injection following secondary water flooding depicts an ultimate
recovery of around 79% OOIP. Such relatively low recovery performance relative to
secondary COz flooding is due to the increase of water content after secondary water flooding
stage that retards the micropores CO» displacement and hence lowers the injectivity efficiency
to 0.01 cc/min/psi. NMR measurements agree with this hypothesis and reveal an increase in
hydrogen content in micropores of around 9%, confirming that tiny pores were not accessed
by tertiary miscible CO; injection.

e Secondary immiscible CO> flooding provides the least oil recovery of 68% OOIP relative to
the other two flooding schemes investigated. The low oil recovery is attributed to the
displacement instability as indicated by the fluctuating pressure drop and low calculated
EDnur of 47%.

¢ Displacement efficiencies calculated from coreflood results and NMR T measurements are
in line with each other proving the effectiveness of NMR tool in observing the different pore
systems’ contribution in overall hydrocarbon recovery and CO; storage efficiency in tight

rocks.
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S. CONCLUSIONS AND
RECOMMENDATIONS

The primary intent of this thesis was to investigate the microscopic displacement of tight
sandstone formations during CO>-EOR. CO»—EOR is used to help achieve multiple tasks
including (1) reducing the atmospheric CO; level, and (2) enhancing overall oil recovery by
mobilizing the trapped oil. To meet these objectives, experimental work was performed on three
representative tight sandstones (Bandera, Kentucky and Scioto) in order to determine the pore
fluids displacement and evaluate the impact of clay content on rocks pore system. Routine and
special core analyses were implemented to qualify, quantify and compare outcomes of multi-
phase displacement characteristics of investigated sandstones. Based on the petrophysical,
petrographical and air-water displacement, Scioto sandstone was selected to represent tight
sandstone rock used in evaluating the microscopic PFD during CO>—-EOR. Various CO: flooding
schemes in both miscible and immiscible modes aided by NMR measurements were used to assess
the ultimate recovery and the contribution of both micro- and macropore systems. This chapter

summarizes the key outcomes of this research and suggests areas for future work.

5.1. CONCLUSIONS

Although tight reservoirs are classified based on a permeability threshold, rocks complex pore
system (bodies and throats) is essential for tight reservoirs classification considering that spatial
correlations of pore throats and bodies are most relevant parameters affecting tight rock
characterization. Chapter 2 presents the impact of clays type and content on pore systems in
general and micropore system in specific of three tight sandstone rocks namely, Bandera,
Kentucky and Scioto. Experimental investigation was performed using helium porosimeter, gas
permeameter, MICP, NMR and Micro-CT imaging to characterize the sandstones investigated
and to determine their key petrophysical parameters. Measurements of porosity and permeability
indicate better reservoir quality for Bandera and close quality for Scioto and Kentucky.
Mineralogical analysis and SEM images indicate the presence of fibrous illite acting as pore
bridging in Bandera sandstone that significantly reduces the micro-throat system proportion to
36% of overall pore throat system compared to the other sandstones where pore throat systems
are quite high (50.9% for Kentucky and 59.1% for Scioto). On the other hand, observed pore-
filling kaolinite booklets in Bandera sandstones is believed to be the reason behind the reduction
of its micro-pore body system to 10.6% of total pore body system. However, the shortage of
kaolinite clay minerals in Kentucky and Scioto sandstones help to preserve the rocks total micro-

pore body systems yielding 29.5% and 23% of total pore body system, respectively. With respect
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to macro-pore body, Kentucky and Scioto show low macro-pore body contribution compared to
Bandera and this is attributed to their finer grain and smaller pore size. In contrast, Bandera shows
a high macro-pore proportion representing 89.4% of total pore system due to the absence of quartz
overgrowth because of illite platelet clay coating, and relatively coarser grain size. MTMR, a
dimensionless number that relates the proportion of micro-pore throat to macro-pore throat,
indicates that Scioto sandstone has the highest value of 1.44 suggesting fluid flow obstruction due
to capillarity effect resulting into high proportion of micro-throat system. Hence, precaution
should be taken in selecting the efficient recovery process for this tight sandstone and gas flooding
seems to be efficient recovery method. Conversely, flow mostly pass through the dominant
macro-throat system of Bandera resulting in minimal oil bypass as indicated by MTMR value of
0.56; hence, conventional water flooding is an efficient recovery method in this sandstone.
Chapter 3 utilized the experimental findings discussed in the previous chapter to help in deciding
the suitable and most representative lab scale tight sandstone for CO>—EOR runs conducted and
presented in the upcoming chapter. A new dimensionless measure (MCI) was developed to
evaluate the estimated microscopic storage and confinement of the tested sandstones. The
sandstone sample with the highest MCI value indicates the best candidates for CO>—EOR. MCI
is calculated as a product of calculate MTMR and MSI, a dimensionless number that indicate the
fluid storativity of micro- pore system (body and throat) to overall pore system using NMR
technique. Results indicate high MCI of 0.72 for Scioto sandstone pointing to its high micropore
confinement and storage capacity compared to 0.49 and 0.21 for Bandera and Kentucky
sandstone, respectively. Therefore, Scioto sandstone is the most representative tight sandstone for
investigating the microscopic CO> injection and reservoir fluids displacement among the tested
sandstones.

Chapter 4 presents the results of displacement runs conducted on Scioto sandstone chosen based
on the findings of previous chapters. Flooding runs in different miscibility modes and injections
schemes were conducted and these are, continuous miscible COz injection at connate water
saturation, immiscible CO: injection at connate water saturation and tertiary miscible CO»
injection at residual oil saturation subject to waterflooding. Pre and post flooding laboratory NMR
measurements were performed to assess the fluid displacement from different rock pore system.
Recovery results indicate low oil production of 35% OOIP and early water breakthrough for
Secondary waterflooding run. Many factors could have contributed to the low oil recovery at this
stage, including the low water injectivity which was insufficient to overcome the high capillary
pressure of the existing rock micropore system. We hypothesized in Chapter 2 that waterflooding

may not be a suitable recovery method in Scioto due to the high MTMR, which may result in oil
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bypass in micropores and minor production from macropores. This is supported by the NMR
measurements which show an extended T> spectrum resulting from the immobilized n-decane oil
encapsulated by water in sandstone pore system. Most of the oil recovered was produced from
macropores, and there was no oil displacement from micropores. Tertiary miscible CO2 injection
following secondary waterflooding yielded incremental oil recovery of 44% OOIP. This
relatively low recovery is attributed to the increased water content and pore blocking post water
flooding stage. NMR measurements confirmed this and revealed an increase in hydrogen content
in the micropores of around 9%, confirming that tertiary miscible CO> injection could not access
the micropores sufficiently.

Secondary immiscible CO> injection provided a lower ultimate oil recovery of 68% OOIP.
Clearly, unstable displacement and gas channeling occurred due to the density difference between
the injected CO> gas and n-decan oil. The unfavorable displacement was detected by the pressure
drop fluctuation and poor hydrogen reduction as indicated by the NMR T» spectrum of around
46% EDnur. Last flooding run conducted was secondary miscible CO; injection and it yielded
the highest oil recovery of 93% OOIP. This high recovery is attributed to the high miscible CO»
injectivity, which led to a stable displacement efficiency of approximately 88%. This was
confirmed by the NMR T, which showed a high NMR displacement efficiency of 70%.
Therefore, it is claimed that the power of miscibility was able to completely displace the oil in
the macropore system in addition to yielding a fluid displacement of around 12% from the
micropore system. The microscopic displacement efficiency obtained from flooding runs are
close to that obtained from the NMR measurements, proving that NMR technique is an effective
tool for observing different pore systems’ contributions to overall hydrocarbon recovery and CO»

storage in tight formations.

5.2.  RECOMMENDATIONS FOR FUTURE WORK

This work has answered all of the questions posed at the outset of the research; however, several
issues still need further attention. Based on the insights provided in this thesis, it is recommended
to consider the following in future research efforts:

e Only three tight sandstone rocks were collected and evaluated. It is recommended to
extend the dataset by considering the microscopic pore system contribution of other rocks
such as tight sands, shales, and tight carbonates of various pore/perm scale types.

e Continuous CO: injection was conducted and investigated. As a follow-up, evaluating
different CO; injection approaches including WAG injection, carbonated water and

surfactant alternating gas is recommended.
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N-decane was used to represent the oleic phase. Crude oils of different API are suggested
to be used in future work to consider the role of rock wettability and miscibility on
enhanced oil recovery. Aging for different rock wettability conditions can also be
considered.

Simulating conducted flooding runs and investigating of different scenarios at core scale
are recommended. In addition, upscaling of the current results is important to utilize the
findings at field scale.

Laboratory NMR measurements proved to be an effective tool to assess pore fluids
displacement at microscopic level. Considering upscaling; borehole NMR technology
exists and it is recommended to be utilized in CO2 flooded wells to assess the near

wellbore performance of CO: injection for both EOR and geo-storage purposes.
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NOMENCLATURE

ABBREVATION

bbl/d Barrels of oil daily [-]

BPR back pressure regulator [-]

BVI Bound volume index [-]

CO,-EOR  Carbon dioxide—enhanced oil recovery [-]
CPMG Carr-Purcell-Meiboom-Gill [-]

CWI Carbonated water injection [-]

Ep Microscopic displacement efficiency [%]
EJ Exajoules [-]

Er Recovery efficiency [%]

Ev Volumetric efficiency [%]

FFI Free fluid index [-]

GAGD Gas assisted gravity drainage [-]

GDP Gross domestic product [-]

GHGs Global greenhouse gas [-]

Gt Billion tons [-]

IOR Improved oil recovery [-]

IPCC Intergovernmental Panel on Climate Change [-]
k Permeability [mD]

kg Kilograms [-]

M Mobility ratio [v/v]

Ma Meg-annum -]

MCI Microscopic confinement index [-]

mD Millidarcy [-]

MICP Mercury injection capillary pressure [-]
Micro-CT micro-computed tomography [-]

ms Millisecond [-]

MSF Multi-stage fracturing [-]

MSI Micro-storativity index [-]

Mt Million tons [-]

MTMR Micro-pore throat modality ratio [-]

Ne Capillary number [-]
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NMR
NRC
OOIP
PFD
ppm
PV
RCPs

SAG
SEM
U.S.
W/m?
WAG
XRD
XRF
¢

pm
MINERALS
Al;0O3

CaO

Fe20s

K20

KCL

MgO

MnO

Na,O

P20s

SiO2

SOs

T2

TiO:

Nuclear Magnetic Resonance [-]
National Resources of Canada [-]
Original oil in place [-]
Pore-fluids distribution [-]

Parts per million [-]

Pore volume [-]

Representative concentration pathways [W/m?]
Revolutions per minute [-]
Surfactant alternating gas [-]
Scanning Electron Microscopy [-]
United States [-]

Watts per square meter [-]

Water alternating gas [-]

X-ray diffraction [-]

X-ray fluorescence [-]

Porosity [%]

Micron [-]

Aluminium oxide [wt%]
Calcium oxide [wt%]
Iron oxide [wt%]
Potassium oxide [wt%]
Potassium chloride [-]
Magnesium oxide [wt%]
Manganese oxide [wt%]
Sodium oxide [wt%]
phosphorus pentoxide [wt%]
Silicon dioxide [wt%]
Sulphur trioxide [wt%]
Relaxation time [ms]

Titanium dioxide [wt%)]
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SUMMARY

Oil exploitation of tight reservoirs has gained significant importance lately. Some researchers
have defined tight reservoirs as those characterized with permeability lower than 0.1 mD.
However, permeability is an absolute value, and tight reservoirs have complex pore systems that
require a detailed geological and petrophysical rock characterization for optimal recovery process.
Enhanced recovery of tight oil reservoirs is challenging because of possible oil bypass due to high
capillary forces. Increasing displacing fluid viscosity will provide stable displacement and
preventing any viscous fingering but will lower the displacing fluid injectivity. On the other hand,
lowering the displacing fluid viscosity can lead to viscous fingering resulting in increased residual
oil. CO; injection, a common EOR technique, can positively impacts pore fluid displacement of
tight reservoirs, including micropores. However, the main challenge of CO,—EOR in tight
reservoirs is the complex nature of pore systems that can lead to unfavorable displacement.

This work was conducted to experimentally investigate the effectiveness of CO>—EOR in invading
micropores of tight rocks. Three representative tight sandstones (Bandera, Kentucky, and Scioto)
were used and detailed set of petrophysical, petrographic, and mineralogical measurements was
conducted to characterize the investigated sandstones, assess the pore framework, and investigate
the impact of clay minerals on pore systems. Routine core analysis indicates that Bandera shows
the best reservoir quality among the investigated sandstones, due to the high percentage of
macropore system. Attributed to Pore-filling kaolinite booklets and fibrous illite acting as pore
bridging reducing its micro-pore body and micro-throat systems. Scioto and Kentucky show less
quality with close porosity and permeability. Shortage of kaolinite booklets in Kentucky and
Scioto sandstones reveals higher micro-throat system compared to Bandera sandstone.

New dimensionless numbers, termed as microscopic confinement (MCI) and micro-throat
modality (MTMR) indices, were established to screen the tested sandstones for a suitable tight
sandstone choice for CO>—-EOR and CO:2 geo-storage. Accordingly, Scioto sandstone is elected
as the most appropriate candidate for CO.—EOR among the tested sandstones due to its high
micropore system capacity to store and confine injected COs».

Various CO; flooding schemes were conducted on Scioto sandstone composite cores. The tested
schemes include continuous miscible CO: injection at connate water saturation, immiscible CO»
injection at connate water saturation and tertiary miscible CO> injection at residual oil saturation
after waterflooding. Laboratory NMR measurements (Pre and post flooding runs) were conducted
to confirm the calculated ultimate recovery and assess microscopically the contribution of both

micro- and macropore systems.
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Results indicate that continuous miscible CO> was able to invade micropores providing the
highest microscopic displacement compared to the other tested injection schemes. Such
microscopic displacement can lead to permanent CO: storage in invaded tight pores due to
capillarity mechanism. Tertiary miscible CO> injection showed a lower ultimate oil recovery
compared to the previous run and this is attributed to the increased water content and pore
blocking post-water flooding stage. Continuous immiscible CO> injection showed the lowest
ultimate oil recovery among the investigated runs due to the unstable displacement. NMR
measurements showed good agreement with core-flooding results and proved the micropore
fluids contribution to overall recovery. Therefore, borehole NMR technology can be utilized to

assess the near wellbore performance of CO: injection for EOR and geo-storage purposes.
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SAMENVATTING

De olie-exploitatie van tight reservoirs heeft de laatste tijd aanzienlijk aan belang gewonnen.
Sommige onderzoekers hebben strakke reservoirs gedefinieerd als reservoirs die worden
gekenmerkt door een permeabiliteit van minder dan 0,1 mD. Permeabiliteit is echter een absolute
waarde, en tight reservoirs hebben complexe poriénsystemen die een gedetailleerde geologische
en petrofysische karakterisering van het gesteente vereisen voor een optimaal herstelproces.
Verbeterd herstel van tight oliereservoirs is een uitdaging vanwege de mogelijke olie-bypass als
gevolg van hoge capillaire krachten. Het verhogen van de viscositeit van de verdringende
vloeistof zal zorgen voor een stabiele verplaatsing en het voorkomen van stroperige vingerzetting,
maar zal de injectiviteit van de verdringende vloeistof verlagen. Aan de andere kant kan het
verlagen van de viscositeit van de verdringende vloeistof leiden tot stroperige vingervorming, wat
resulteert in een toename van de resterende olie. CO»-injectie, een veelgebruikte EOR-techniek,
kan een positieve invloed hebben op de verplaatsing van poriénvloeistof in nauwe reservoirs,
inclusief microporién. De belangrijkste uitdaging van CO»-EOR in tight reservoirs is echter de
complexe aard van poriesystemen die tot ongunstige verplaatsingen kunnen leiden.

Dit werk werd uitgevoerd om experimenteel de effectiviteit van CO2-EOR bij het binnendringen
van microporién in dicht gesteente te onderzoeken. Drie representatieve strakke zandstenen
(Bandera, Kentucky en Scioto) werden gebruikt en een gedetailleerde reeks petrofysische,
petrografische en mineralogische metingen werd uitgevoerd om de onderzochte zandstenen te
karakteriseren, het poriénraamwerk te beoordelen en de impact van kleimineralen op
poriénsystemen te onderzoeken. Routinematige kernanalyse geeft aan dat Bandera de beste
reservoirkwaliteit vertoont onder de onderzochte zandstenen, vanwege het hoge percentage
macroporiénsysteem. Toegeschreven aan porievullende kaolinietboekjes en vezelig illiet dat als
porieoverbrugging fungeert en het microporielichaam en microkeelsystemen vermindert. Scioto
en Kentucky vertonen minder kwaliteit met nauwe porositeit en permeabiliteit. Een tekort aan
kaolinietboekjes in zandsteen uit Kentucky en Scioto laat een hoger micro-keelsysteem zien
vergeleken met Bandera-zandsteen.

Nieuwe dimensieloze getallen, microscopische opsluiting (MCI) en micro-throat modality
(MTMR) indices genoemd, werden vastgesteld om de geteste zandstenen te screenen op een
geschikte strakke zandsteenkeuze voor CO2-EOR en CO»-geoopslag. Dienovereenkomstig wordt
Scioto-zandsteen gekozen als de meest geschikte kandidaat voor CO2-EOR onder de geteste
zandstenen vanwege de hoge capaciteit van het microporiénsysteem om geinjecteerd CO2 op te
slaan en op te sluiten. Er zijn verschillende CO»-overstromingsschema's uitgevoerd op Scioto-

zandsteencomposietkernen. De geteste schema's omvatten continue mengbare COz-injectie bij
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aangeboren waterverzadiging, niet-mengbare CO»-injectie bij aangeboren waterverzadiging en
tertiair mengbare CO»-injectie bij verzadiging van resterende olie na wateroverstroming. NMR -
metingen in het laboratorium (runs voor en na de overstroming) werden uitgevoerd om het
berekende uiteindelijke herstel te bevestigen en microscopisch de bijdrage van zowel micro- als
macroporiesystemen te beoordelen.

De resultaten geven aan dat continu mengbaar CO; in staat was microporién binnen te dringen,
wat de hoogste microscopische verplaatsing opleverde vergeleken met de andere geteste
injectieschema's. Een dergelijke microscopische verplaatsing kan leiden tot permanente CO»-
opslag in binnengedrongen nauwe porién als gevolg van het capillariteitsmechanisme. Tertiaire
mengbare CO»-injectie liet een lagere uiteindelijke oliewinning zien in vergelijking met de vorige
run en dit wordt toegeschreven aan het verhoogde watergehalte en het blokkeren van de porién
na de overstromingsfase. Continue onmengbare CO»-injectie vertoonde de laagste uiteindelijke
oliewinning onder de onderzochte runs vanwege de onstabiele verplaatsing. NMR-metingen
lieten een goede overeenkomst zien met de resultaten van kernoverstromingen en bewezen dat de
microporiénvloeistoffen bijdragen aan het algehele herstel. Daarom kan NMR-technologie in
boorgaten worden gebruikt om de prestaties van COz-injectie in de buurt van boorputten te

beoordelen voor EOR-en geoopslagdoeleinden.
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